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Influence  of  Density  and  Inert  Additivsa  on  th* 
Vat*  Shape  of  M Ideal"  Sxploeiree 


Ifav*  ahape -density  measurements  for  "ideal"  (D  ■ D#)  TOT,  pentolite, 
^ rauPioue  TOT -o alt  and  pentolite-ealt  mixture*  ore  reported.  The 
raditt*  o f curvature/diameter  (R/d)  ratioe  at  a oharfe  length  of  eix  dia- 
Mtera  were  found  to  vary  almost  linearly  with  density.  In  TNT,  howeTer, 
g^arp  discontinuity  in  the  denaity-R/d  curre  oocurred  at  a density  of 
1,35.  This  discontinuity  was  attributed  to  particle  break-down  during 
pressing  at  high  densities. 

Tuo  additional  series  of  R/d  vs . charge  length  L measurements  are 
reported,  one  for  pure  RDX  and  the  other  for  40-60  RDX-salt.  In  both 
instance*  R/L  remained  unity  up  to  an  L/d  of  2*6.  Between  2.6  and  4.6, 
r leveled  off  in  both  oasee  and  reached  the  constant  (steady  state)  value, 
remaining  constant  for  higher  values  of  L/d.  This  ros^lt  is  in  agree- 
ment with  previous  observations  that  a steady  state  condition  maintain# 
for  L/d  values  greater  than  about  threfc. 

R/d  measurements  were  made  for  various  TNT-salt,  TNT-glass  beads,  _ 
RDX-salt,  RDX-glass  beads,  and  50/50  pentolitb-aalt  mixtures.  R/d  was 
fouhd  t0  decrease  linearly  with  per  cent  inert  for  loose-packed  TNT  in 
10  o®*  diameter  charges  from  about  2.1  with  aero  per  cent  salt  to  1.3 
with  60  per  cent  salt.  In  all  other  oases  no  definite  trend  in  the  R/d- 
por  cent  inert  curves  could  be  established,  although  if  corrections  for 
density  were  applied,  R/d  would  be  found  to  decrease  with  inert  content 
in  the  cast  TNT-salt,  TNT-glass  beads,  and  RDX-salt  mixtures.  In  the 
pentolite-ealt  end  RDX-glaes  bead  series,  R/d  appeared  to  go  through  a 
mnri^im  and  then  decrease  with  increasing  inert  oonterrt.  However,  er- 
ratic results,  attributed  to  the  combined  effects  of  segregation,  slowing 
down  of  reaction  rate,  end  attenuation  of  the  wave  toward  the  oharge 
axis  due  to  increased  vaporisation  of  the  inert  toward  the  central  axis, 
made  quantitative  evaluations  very  difficult.  The  trends  which  were 
located  in  these  latter  oasee  are  therefore  open  to  doubt. 
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Introduction 

Technical  Report  No.  IX , under  this  project  described  some  wave 

wave  shape  measurements  in  five  explosives  all  with  ideal  or  hydrodynsmio 
velocities  and  in  cylindrical  charges.  From  that  study  it  was  concluded 
that  the  wave  front  was  remarkably  spherioal  in  shape  over  almost  the 
entire  wave  front  except  perhaps  at  the  extreme  edge  despite  the  inter- 
esting faot  that  the  radius  of  curvature  at  large  length/diameter  (L/d) 
ratios  was  much  smaller  than  one  would  obtain  for  a spherically  expanding 
wave  front.  Furthermore  it  was  found  that  R increased  only  over  the  first 
few  charge  diameters  after  which  it  remained  oonatant.  Also  the  ratio 
R/d  at  L/d  * 3-4  was  relatively  independent  of  charge  diameter  although 
there  was  a snail  increase  in  R/d  in  TNT  and  tetryl  between  2.5  and  7.5 
cm.  diameters.  The  important  observation  was  made,  moreover,  that  the 
wave  shape  attained  the  same  (steady  state)  value  of  R/d  irrespective  of 
the  wave  shape  of  the  booster.  This  was  dearly  demonstrated  by  the  faot 
that  an  initially  re-entrant  wave  inverted  completely  to  tho  steady  state 
wave  shape  over  a oharge  length  of  less  than  six  diameters.  It  was  also 
noted  in  Initial  studies  that  the  wave  shape  depended  critically  on  charge 
density. 

More  recent  studies  of  wave  shape  in  non-ideal  explosives  (T.  R.  XIV 
and  Wr  *yj  showed  that  even  in  the  non-ideal  explosives  coarse  TNT  and 
amatol,  the  shape  of  the  wave  front  remained  spherioal  over  praotioally 
the  entire  wave  front,  but  the  R/d  ratio  for  L/d  c 6.0  increased  with 
diameter  from  about  0.5  at  the  critical  diameter  d to  an  asymptotic 
value  about  1.9  for  the  coarse  TNT  and  about  2.2  for  oast  50-50  amatol 
above  the  minimum  diameter  d^*  for  attainment  of  the  hydrodynamic  velo- 
city D*.  At  diameters  above  v the  R/d  ratio  apparently  still  depends 
to  some  extend  on  the  density  and  chemical  nature  of  the  explosive  since 
the  R/d  - d ourve  leveled  off  at  a larger  diameter  than  was  the  oase 
with  the  D-d  curves.  Experimental  measurements  of  the  effeots  of  den- 
eity  and  chemical  composition  of  R/d  are  therefore  definitely  needed  in 
tho  development  of  an  understanding  of  the  principles  determining  wave  shape. 
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The  influence  of  density  on  the  wave  shape  of  some  ideal  explosives 
have  now  been  studied  quantitatively.  In  addition,  on  the  assumption 
that  a study  of  the  influence  of  inert  additives  would  aid  in  an  inter- 
pretation of  wave  shape  in  non-ideal  explosives,  several  series  of  com- 
positions with  varying  percentages  of  inert  additives  (salt  and  glass 
beads)  were  studied.  Finally  two  more  series  of  R vs.  L measurements 
were  made,  one  with  pure  granule r RDX  and  the  other  with  the  granular 
40  per  cent  RDX-60  per  cent  salt  mixture.  The  results  of  these  studies 
are  presented  in  this  report. 

Material  and  Experimental  Methods 

The  explosives  used  in  this  investigation  were  TNT,  RDX,  and  50-50 
pentolite.  The  inert  additives  were  NaCl  (20-28  mesh)  and  glass  beads 
(20-30  mesh).  The  most  extensively  studied  explosive  was  pure  TNT,  In 
the  first  series,  pure  TNT  was  studied  at  various  densities  in  5.17  cm. 
diameter  charges  all  of  L/d  approximately  six.  The  lowest  density  charges 
in  this  series  (densities  .88  to  .96)  were  vibrator-packed  in  manila 
paper  tubes  of  about  1 mm  wall  thickness.  To  insure  flat  uniform  ends 
for  measurement  of  wave  shape,  thin  glass  plates  were  plaeed  on  the  ends 
of  the  charges.  The  higher  density  oharges  (densities  1.08  to  1.53) 
were  pressed  in  5.17  em.  diameter  and  2.6  cm.  long  wafers.  Twelve  such 
wafers  were  plaoed  end  to  end  and  wrapped  in  paper  with  the  bare  end 
exposed  for  wave  shape  measurements*  Similar  pressed  pellet  oharges 
were  made  with  70-30  TNT- salt,  40-60  TNT- salt,  pure  50-50  pentolite, 

70-30  pentolite  (50-50)-salt  and  40-60  pentolite  (50-50)-salt  composi- 
tions, pressing  ths  ohargss  In  ssoh  osss  st  low,  intermediate,  and  high 
densities. 

Vibrator-packed  ohargee  of  9.94  cm.  diameter  were  made  with  pure 
RDX;  70-30  and  40-60  RDX-glaee  bead;  pure  TOT;  85-15,  70-30,  55-45,  and 
40-60  TNT- salt  mixtures;  and  80-20,  60-40  TNT-glass  bead  mixtures.  In 
all  of  those  charges,  thin  glass  plates  were  plaoed  on  ths  end  of  tho 
charge  to  provide  s smooth,  well-defined  surface  for  photographing  the 
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emerging  ware  fronts.  Finally  cast  charges  of  90-10,  80-20,  70-30, 

60-40,  and  50-50  TNT-salt  in  9*94  cm.  diameter  were  made  using  mooth 
plastio  on  the  end  of  the  oharge  to  form  a smooth  cast  surface.  These 
plastio  plates  were  removed  before  firing,  thus  exposing  the  bare  cast 
surf  ape  for  wave  shape  measurements.  In  all  cases,  tube  ends  were  cut 
on  a lathe  to  Insure  that  the  end  was  exaotly  perpendicular  to  the  oharge 
aids. 

The  5.17  cm.  pressed  charges  were  shot  with  pressed  5.17  cm.  (d) 
x 2.6  ea.  (L)  tetryl  boosters  having  a 1.9  cm.  deep  axially  centered 
cap  well.  The  loose-paoked  charges  were  point  initiated  with  No.  8 EB 
caps  axially  centered  by  means  of  wooden  forms.  The  cast  charges  were 
fired  with  axially  centered  2f'  x 2"  oast  pentolite  boosters  in  which 
were  formed  1 " deep  oap  wells. 

The  No.  8 EB  caps  were  fired  by  means  of  the  discharge  (through  a 
coaxial  line)  from  a one  pf  condenser  oharged  to  3500-5000  volts.  While 
there  was  a time  lag  of  about  5 peso  in  these  caps,  it  was  sufficiently 
reproduoible  that  no  difficulty  was  encountered  in  synchronisation. 

This  is  strikingly  illustrated  in  figure  1 which  is  a smear  photograph 
of  a shot  in  whioh  four  parallel  oharges  of  5.17  (d)  x 31.2  (L)  cm. 
pressed  TNT  (p^  - 1.45  to  1.53)  were  fired  simultaneously  with  the  camera 
fooussed  on  the  ends  of  the  charges  away  from  the  points  of  initiation. 
The  etatjLe  images  were  obtained  by  first  opening  wide  the  slit  and  taking 
a snap  photograph  (with  the  mirror  at  rest).  The  slit  was  then  set  at 
5 alls  and  an  (over-exposed)  snap  shot  taken  defining  the  field  of  view 
of  the  oamera  during  detonation.  The  smear  photograph  was  taken  at  a 
airror  speed  of  700  r.p.s.  (writing  speed  4470  m/sec). 

Wave  shapes  were  measured  in  all  oases  by  means  of  the  "screamer" 
streak  oamera  described  in  T.  ft.  XIT^,  which  during  this  investigation 
was  modified  by  installing  a new  synchroniser  similar  to  that  built  for 
the  "orooner"  but  of  Improved  design.  The  modifications  were  as  follows  i 
Three  ranges  were  provided  for  the  phantaetron  delay  circuits  to  give 
much  greater  flexibility  to  the  instrument.  The  unit  now  also  provides 
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a circuit  to  teat  the  firing  cable  for  unseen  damage.  A surplus  Dallmeyer 
telephoto  lens  f:6.3,  36"  focal  length  was  also  Installed  to  obtain  2-1/2 
times  greater  magnification.  A reversible  electrically  powered  drive  was 
constructed  to  focus  this  lens  assembly.  The  camera  shutter  now  has  an 
auxilliary  switch  which  permits  one  to  open  the  shutter  without  activating 
the  firing  unit.  There  is  now  no  lucite  between  the  emulsion  and  rotating 
mirror  as  in  the  former  design.  Instead  the  film  is  held  along  the  edges 
in  a close  fitting  track  and  the  curvature  of  the  film  holds  it  against 
the  lucite  back.  In  addition  the  wind  from  the  rotating  mirror  helps  keep 
it  smooth.  A light-tight  film  container  was  built  in  to  permit  opening 
the  camera,  with  only  the  part  of  the  film  used  to  thread  the  film  track 
being  exposed.  With  the  oontrols  provided,  it  is  now  possible  to  wind  the 
film  and  set  the  mirror  for  statio  images  without  opening  the  camera.  The 
camera  is  synchronized  at  a predetermined  time  interval  by  means  of  the 
phantaatron  delay  section;  thus  location  of  a trace  is  made  possible  at 
any  desired  position  along  the  film.  Generally  the  camera  was  operated 
at  a mirror  speed  of  600  r.p.s.  (3.83  mm/paec  before  modification,  3.75 
naa/pseo  after  modification),  although  in  some  cases  speeds  of  700  and  400 
r.p.s.  were  used  in  an  effort  to  obtain  optimum  definition  depending  on 
the  velocity  of  the  explosive  and  radius  of  curvature  of  the  wave.  To 
obtain  more  accurate  results,  especially  for  large  R/d  ratios  in  the  high* 
est  veloolty  explosives,  reoently  a smaller  (1-1/2"  x 3”)  mirror  was  in- 
stalled making  it  possible  to  increase  the  mirror  speed  to  about  600  r.p.s. 
The  camera  may  now  be  operated  at  a writing  speed  up  to  5 mm/pseo  in  wave 
shape  measurements  with  explosives  of  high  R/d  ratio. 

Velocities  were  measured  by  means  of  the  "pansy"  osolllosoope  des- 
cribed in  T.  R.  XI^,  using,  in  the  oaae  of  the  oast  and  vlbrator-paoked 
charges,  the  regular  pin  assemblies  described  In  T.  R.  XI.  In  the  pressed 
charge,  "pins"  consisted  of  .001"  brass  foils  placed  between  Appropriate 
pellets  using  only  a trigger  and  two  time  interval  "pine". 

To  reduce  the  information  on  the  photographs  to  useful  form,  the  co- 
ordinates of  various  points  along  the  trace  were  read  using  a Cambridge 


CONFIDENTIAL 


CONFIDENTIAL 


nQm 

Universal  Measuring  Maohine.  These  measured  points  were  then  corrected 
for  magnification,  camera  writing  speed  and  detonation  velocity,  and  the 
data  across  a diameter  of  the  charge  plotted.  These  plots  show  the 
actual  shape  of  the  front  of  the  detonation  wave.  A best  fitting  aro  of 
a circle  was  then  passed  through  the  experimental  points.  In  this  work, 
as  well  as  previous  wave  shape  studies  reported  in  T.  R.  IX,  XIV,  and 
XV,  the  only  cases  where  the  wave  shape  data  could  not  be  fitted  satis.* 
faotorily  with  an  aro  of  a oirole  over  all  but  the  edge  of  the  wave  was 
when  the  wave  was  obviously  unsymnetrioal,  due  most  likely  to  some  non- 
uniformity  in  the  charge.  At  the  extreme  edge  of  the  wave  front  the 
radius  of  ourvature  frequently  was  observed  to  fall  off,  especially  in 
bare  charges. 

While  the  R/d  results  reported  in  this  study  were  all  obtained  by 
the  graphical  method,  D.  W.  Robinson  has  worked  out  an  analytical  pro- 
ds cure  for  obtaining  the  best  fit  of  a eircular  arc  which  can  be  readily  ad- 
apted to  IBM  calculations.  This  method,  moreover,  increases  the  aoouraoy 
of  determination  of  wave  shape.  It  is  presented  for  its  interest  in 
future  studies  in  Appendix  I of  this  report. 

Results 

Tables  I to  VIII  present  the  oomplete  charge,  density,  and  wave 
shape  data  determined  in  this  study  for  the  various  mixtures.  Veloeity 
data  were  determined  from  the  equation 

D * ♦ S (px  - 1.0)  (1) 

using  the  constants  D.  n and  S shown  in  table  IX,  These  data  were  taken 
from  OSRD  5611'  ' for  TNT  and  RDX,  and  from  data  computed  by  the  methods 
outlined  In  T.  R.  X^^  for  the  exploaive-aalt  mixtures.  The  velocities 
of  the  explosive-glass  bead  mixturaa  wera  not  oonputed  but  ware  taken 
from  experimental  measurements.  The  data  In  tabla  IX  have  all  bean  oare- 
fully  oheoked  axperimentally  and  found  to  be  in  exoellent  agreement  with 
the  observed  velocities.  A report  showing  this  comparison  and  extending 
the  development s outlined  in  T.  R.  X will  be  prepared  in  the  near  future. 
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The  R/d  vs.  density  data  obtained  for  100-0,  70-30,  and  40-80  TNT- 
salt  mixtures  are  plotted  in  figure  2.  The  limits  of  error  are  shown 
by  means  of  the  horizontal  lines  through  the  point  designating  the  aver- 
age value  of  R/d  found  from  several  measurements  at  eaoh  density.  For 
pure  TNT  the  reproducibility  was  good  at  densities  up  to  1.35.  Above 
this  value,  however,  the  reproducibility  was  leas  satisfactory.  This  is 
associated  partly  with  the  difficulties  in  determining  R/d  accurately  at 
large  values  of  R,  and  partly  to  another  factor  perhaps  associated  with 
the  interesting  sudden  increase  in  R/d  as  the  density  was  increased  above 
1.35.  The  sharp  break  in  the  R/d  vs.  density  curve  at  about  1.35  in 
density  seems  to  be  real  since  the  limits  of  the  experimental  points  do 
not  overlap.  One  will  note  also  that  the  value  of  R/d  for  pressed  TNT 
is  considerably  greater  than  that  for  east  TNT  described  in  T.  R.  IX  at 
the  same  density.  This  is  quite  likely  a particle  size  effect  which  is 
not  eliminated  even  in  "ideal"  explosives.  It  lo  possible  also  that  the 
discontinuity  in  the  R/d-density  curve  at  1.35  in  density  is  a particle 
size  effect.  One  requires  relatively  small  pressures  to  reaoh  a density 
of  1.35  in  pressed  TNT.  However,  to  obtain  higher  densities,  the  pres- 
sing force  must  be  increased  sharply.  It  is  possible  that  the  individual 
grains  commence  to  rupture  at  the  pressures  required  to  go  above  1.35  in 
density.  The  70-30  and  40-60  TNT-aalt  mixtures  gave  R/d  - curves 

approximately  parallel  to  the  pure  TNT  curve  at  low  density.  The  pressing 
force  required  to  attain  the  highest  densities  shown  hare  were  lower 
than  that  required  to  obtain  a density  of  1.4  with  pure  TNT.  It  may 
thus  be  for  the  reason  that  the  pressing  force  was  insufficient  to  cause 
grain  break-down  that  there  was  no  apparent  tendency  for  the  TNT-salt 
mixtures  at  the  densities  studied  to  show  a plateau  such  as  that  observed 
with  the  pure  TNT  charges,  although  toO  few  derisities  were  studied  to 
warrant  oonolusione  on  this  point. 

Figure  3 shows  a plot  of  R/d  vs.  per  cent  TNT  for  the  9.94  cm.  dia- 
meter vibrator-packed  TNT-aalt  mixtures.  R/d  is  shown  to  deorease  ap- 
proximately linearly  with  salt  content.  Similar  measurements  with  oast 
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TNT-salt  mixtures,  however,  gave  very  erratic  wave  shape  results,,  The 
irrepro due ibi lity  in  this  case  may  be  associated  with  segregation  of  salt 
during  cooling  of  the  cast  mixture.  Segregation  of  the  TNT-salt  mixtures 
would  tend  to  slow  down  the  wave  toward  the  oentral  axis  relative  to  that 
on  the  periphery  of  the  charge.  This  effect  shows  up  as  an  Increased 
radius  of  curvature  along  the  central  axis.  It  is  believjd  therefore 
that  the  measured  wave  shapes  in  this  case  at  least  represent  upper 
limits  of  R/d.  Assuming  this  to  be  the  case,  it  is  probable  that  if 
segregation  could  be  prevented,  the  R/d  curve  for  Cast  TNT-salt  mixtures 
would  also  decrease  uniformly  with  salt  content. 

Incidentally,  it  was  determined  that  the  25-75  vibrator-packed  TNT- 
salt  mixture  detonated  with  a 2 x 2"  cast  pentolite  booster,  but  failed 
with  a cap.  The  10-90  mixture,  however,  would  not  progagate.  The  fact 
that  one  obtains  propagation  with  75  per  oent  salt  in  TNT  shows  dearly 
that  the  salt  acts  primarily  as  an  inert.  Otherwise,  the  cooling  effect 
of  reacting  salt  would  quench  the  detonation  at  a much  lower  percentage 
of  salt. 

With  glass  beads  of  nearly  the  same  particle  size  as  salt,  there 
was  apparently  no  ohange  of  R/d  with  per  oenb  inert  in  the  TNT-glass  beads 
series.  However,  if  a correction  were  made  for  density,  the  effect  of 
Inert  would  again  be  found  to  decrease  the  R/d  ratio.  Similar  results 
with  -the  RDX-salt  mixtures  are  shown  in  table  VII.  However,  with  the 
vibrator-paoked  RDX-glass  beads  mixtures,  R/d  appeared  to  increase 
sharply  with  per  cent  inert,  and  was  still  greater  in  the  40-60  RDX-glass 
beads  mixture  than  in  pure  RDX  (table  VIII).  it  was  considered  that  this 
effect  might  also  be  due  to  segregation.  This  explanation  was  supported 
by  the  faot  that  in  pressed  TNT-salt  mixtures,  the  expected  decrease  in 
R/d  with  per  oent  inert  was  observed  and  the  further  fact  that  results 
with  the  pressed  ohargee  were  fairly  reproducible.  Before  accepting  this 
explanation,  however,  a series  of  pressed  50-50  pentolite-salt  mixtures 
were  studied  in  which  segregation  was,  of  oourse,  not  possible.  The 
results  are  given  in  table  VI  and  plotted  in  figure  4.  The  R/d-density- 
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curve  for  pure  50-50  pentolite  appears  comparable  bo  that  of  pure  TNT  at 
lov  density  except  that  R/d  was  somewhat  larger  at  a given  density.  More- 
over the  results  of  two  oheok  determinations  were  in  good  agreements. 
However,  for  the  pentolite-salt  mixtures  results  were  again  poorly  re- 
producible and  showed  the  same  trends  as  with  RDX-glass  beads.  That  is, 
the  30  per  cent  inert  mixture  had  even  less  curvature  at  a given  density 
than  for  pure  pentolite  although  the  40-60  mixture  showed  a lower  R/d, 
indicating  thmt  the  R/d-  per  oent  inert  curve  at  a given  density  may 
pass  through  a maximum  in  this  case.  However,  this  conclusion  is  indefi- 
nite sinoe  the  differences  were  of  the  same  order  of  magnitude  as  the 
experimental  error. 

A striking  result  with  the  pressed  pentolite-salt  mixtures  was  the 
fact  that  despite  the  Impossibility  for  segregation,  the  waves  frequently 
were  found  to  be  asymmetrical  about  the  charge  axis.  In  order  that  these 
effects  might  be  available  for  eareful  study,  the  experimental  data  that 
were  used  to  make  the  wave  shape  plots  in  this  investigation  are  given 
in  Table  X.  It  seems  quite  possible,  in  view  of  asymmetrical  conditions, 
and  the  poor  reproducibility  of  wave  shapes  obtained  with  the  various 
explosive-inert  mixtures,  that  erratic  (apparently  wobbling)  waves  may 
be  a characteristic  of  suoh  mixtures.  This  would  explain  also  the  fact 
that  the  reproducibility  of  velocity  determinations  Invariably  decreases 
with  increasing  inert  oonbent  in  explosives  of  this  character. 

As  in  the  explosive-salt  and  glass  beads  mixtures,  one  experiences 
the  same  type  difficulties  of  ir reproducibility,  wave  asymmetry  and 
flattening  out  of  the  wave  toward  the  central  axis  with  aluminized  ex- 
plosives including  20-60  tritonal  and  25-75  Al-oomposltion  B.  This 
seems  oltarly  to  be  a segregation  effeot  in  aluminized  exploeivee.  It 
is  very  difficult  to  obtain  oast  chargee  in  these  explosives  in  whieh  no 
segregation  of  aluminum  oocurs. 

The  variation  of  R/d  with  oharge  length  for  pure  granular  RDX  and 
40-60  RDX- salt  mixture  is  shown  in  table  VII.  For  pure  RDX,  R/t  was 
unity  within  very  olose  limits  for  values  of  L/d  up  to  2.6.  For  L/d 
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between  3.0  and  4.5,  R continued  to  increase,  but  at  a rapidly  decreasing 
rate  reaching  a constant  value  of  3.5  d above  an  L/d  of  4.5-  In  40-60 
RQX-salt  mixtures,  R/L  again  remained  at  unity  up  to  an  L/d  of  2.6.  Again 
R appeared  to  reach  a constant  value  somewhere  between  an  L/d  of  2.6  re- 
maining constant  for  values  of  L/d  of  4.6  and  greater.  It  is  evidently 
not  possible  within  the  limits  of  experimental  error  to  distinguish  between 
the  different  explosives  as  far  as  the  determination  of  the  minimum  value 
of  L/d  for  attainment  of  the  steady  state  wavs  curvature  is  concerned. 

This  is  in  agreement  with  results  found  in  studies  of  the  influence  of 
charge  length  on  shaped  charge  results.  In  those  studies  optimum  shaped 
charge  effect  with  unconfined  charges  was  also  found  to  be  reached  at  an 
L/d  between  about  2,5  and  4.5*  Similar  results  were  obtained  with  con- 
fined charges. 

i 

i 

i 

! Discussion  of  Results 

t Wave  shape  even  in  ideal  explosives  depends  not  only  on  the  ehcmioal 

nature  of  the  explosive  but  also  on  its  physical  state.  The  influence  of 
, physical  state  is  strikingly  illustrated  in  a comparison  of  oast  ahd, 

pressed  TNT.  In  cast  TNT  at  a density  of  1.59  in  7*5  cm.  diameter  charges 
of  L/d  ■ 6,  a value  of  2.4  for  R/d  was  obtained.  However,  for  the  5.17 
cm.  (d)  pressed  oharges  at  slightly  lower  density  (1.53),  R/d  was  4*6. 

One  obvious  difference  between  the  oast  and  pressed  TNT  is  partlole  size. 

j - 

The  oast  oharges  of  R/d  * 2.4  were  not  "creamed"  but  were  poured  oloudy. 

The  effective  particle  size  and  reaction  zone  length  aQ  in  this  material 
as  shown  in  T.  R.  XV  is  greater  than  in  the  "oreamed"  product.  The  R/d  in 
a pressed  charge  should  be  even  leas  than  in  the  "oreamed"  oaat  charge 
especially  under  the  possibility  that  pressing  at  high  densities  reduces 
even  further  the  partiole  size. 

Effects  of  partiole  size  on  R/d  for  "ideal"  explosives  oan  be  readily 
Interpreted  on  the  basis  of  the  detonation  head  theory.  According  to  this 
theory,  D/D*  should  be  unity  for  all  values  of  reaction  zone  length  aQ 
less  than  ak«ut  d.  For  values  of  aQ  near  d,  however,  only  the  explosive 
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along  the  central  axis  of  the  charge  reacts  completely  within  the  deto- 
nation head.  The  wave  would  thus  be  attenuated  toward  the  periphery  of 
the  cnarge  which  should  lead  to  relatively  large  curvature  or  small  R/d. 

For  smaller  values  of  aQ  the  periphery  attenuation  would  be  less  and  the 
R/d  correspondingly  greater.  A report  presenting  a theory  of  wave  shape 
based  on  detonation  head  concepts  will  be  presented  in  the  near  future. 

R/d  appears  always  to  increase  with  charge  density.  In  pressed  TNT 
the  R/d  vs.  p^  curve  was  almost  linear,  the  curve  bending  slightly  to- 
ward larger  R/d  ratios  at  increased  densities.  This  was  true  also  for 
the  explosives  70-30  and  40-60  TNT-salt,  and  50-50  pentollte.  The  70-30 
and  40-60  pentolite-salt  pressed  oharges  showed  a similar  trend.  Moreover, 
the  slopes  of  the  R/d  vs.  curves  were  comparable  for  all  of  these  ex- 
plosives. However,  only  in  the  cases  of  pure  TNT,  pure  pentollte,  and 
the  TNT-salt  mixtures  are  these  results  considered  entirely  reliable. 

Slnoe  "creamed11  cast  TNT  should  have  an  effective  particle  size  only 
slightly  greater  than  that  of  the  granular  TNT  from  which  it  was  made, 
an  R/d  of  about  3.0  is  predicted  for  the  "creamed"  cast  TNT,  on  the  as- 
sumption that  the  break  in  the  R/d -p^  curve  was  a particle  break-down 
off sot.  That  is,  if  particle  break-down  had  not  occurred,  R/d  should 
oontinue  to  increase  almost  linearly. 

The  results  obtained  with  inert  additives  leave  much  to  be  desired. 

It  was  hoped  by  this  study  to  obtain  information  which  would  aid  in 
Interpreting  wave  shape  data  for  "non-ideal"  explosive.  That  is,  the 
part  of  the  explosive  which  has  not  reacted  within  the  detonation  head 
might  be  considered  to  exert  the  same  effect  on  wave  ahape  as  an  inert. 

There  are  three  possible  factors,  however,  whioh  might  complicate  this 
situation  and  render  Impossible  the  use  of  inert  additives  for  this 
purpose.  Firstly,  segregation  of  the  inert  additive  whioh  is  difficult 
to  avoid  tends  to  distort  the  wave  from  its  true  form  due  to  attenuation 
of  the  wave  in  the  region  of  high  concentrations  of  the  inert.  Secondly, 
endothermic  reaction  of  the  inert  if  it  takes  place  tsndb  to  sloW  d*sttrthe 
rate  of  reaction  of  the  explosive  and  thus  lfH»***se  the  reaction  zone  length 
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aQ,  and  decrease  R/d.  While  the  evidence  from  velocity  measurements 
seems  to  show  that  reaction  of  NaCl  in  these  explosive  is  relatively 
small  if  not  negligible,  since  explosives  reactions  are  surface  reactions, 
it  is  possible  that  such  inert  additives  as  salt  would  tend  to  retard 
the  reaotion  somewhat.  Thirdly,  even  if  retardation  of  the  explosive 
reaction  rate  by  the  inert  were  negligible,  one  would  expect  a greater 
effective  vaporation  and  resultant  cooling  effect  along  the  central  axis  then 
toward  the  periphery  of  the  charge  because  of  the  longer  effective  time 
for  reaction  along  this  axis  than  toward  the  periphery  of  the  charge. 

This  effect  would  tend  to  reduce  wave  curvature  and  increase  R/d.  Low 
density  TNT  is  a much  lower  temperature  explosive  than  pentolite  and  EDX. 

One  might  thus  expect  less  vaporization  of  NaCl  in  the  detonation  head 
for  TNT  than  for  pentolite  and  RDX.  Hence,  in  loose-paoked  TNT  one  may 
perhaps  be  observing  the  true  dilution  effect.  The  detonation  tempera- 
tures of  cast  TNT,  pentolite  and  RDX  are  enough  higher  that  enough  vapora- 
tion of  NaCl  may  take  place  to  cause  the  effects  shown. 
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TABLE  I:  Wave  Shape  vs.  Density  Measurements  for  TNT 


in  5 .17  em.  Diameter  Cylindrical  Charges 


Film  No, 

, L 
Length 
(cm. ) 

P1 

D 

(m/sec) 

R 

(cm.) 

R/d 

R/d 

(av.) 

631 

30.0 

.676 

4,620 

8.9 

1.7 

1.7 

632 

30.0 

.894 

4,670 

8.7 

1.7 

615 

29 

.962 

4,950 

8.9 

1.7 

6l6 

29 

.982 

4,950 

9.3 

1.8 

1.9 

617 

27 

.982 

4,950 

10.4 

2.0 

618 

27 

.982 

4,950 

10.1 

1.9 

604 

31.2 

1.078 

5,260 

10.6 

1.9 

1.9 

605 

31.2 

1.078 

5,260 

10.5 

1.9 

606 

31.2 

1.170 

5,560 

11.4 

2.2 

60S 

31.2 

1.170 

5.560 

11.5 

2.2 

2.3 

756 

31.2 

1.191 

5,630 

12.2 

2.4 

757 

31.2 

1.191 

5,630 

11.5 

2.2 

756 

31.2 

1.286 

5,940 

13.4 

2.6 

2.5 

761 

31.2  • 

1.288 

5,940 

12.5 

2.4 

602 

31.2 

1.354 

6,150 

13.4 

2.6 

603 

31.2 

1.354 

6,150 

14.2 

2.7 

2.8 

635 

31.2 

1.354 

6,150 

16.7 

3.2 

759 

31.2 

1.368 

6,200 

16.9 

3.3 

3.1 

760 

31.2 

1.366 

6,190  . 

15.1 

2.9 

966 

31.2 

1.376 

6,220 

17.6 

3.4 

3.5 

967 

31.2 

1.375 

6,220 

18.0 

3.5 

966 

31.2 

1.423 

6,370 

22.3 

4.3 

4.0 

969 

31.2 

1.423 

6,360 

18.7 

3.6 

609 

31.2 

1.440 

6,430 

19.7 

3.8 

4.1 

610 

31.2 

1.440 

6,430 

22.2 

4.3 

964 

31.2 

1.469 

6,520 

23.1 

4.5 

4.3 

985 

31.2 

1.471 

6,530 

21.3 

4.1 

966 

31.2 

1.533 

6,730 

22.3 

4.3 

• L 

987 

31.2 

1.534 

6,730 

24.6 

4.8 

4*0 
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TABLE  II:  Wave  Shape-Density  Measurements  for  Pressed 
TNT-Salt  (20-28  mesh)  Mixtures  in  5.17  cm.  Diameter  Cylindrical  Charges 
Film  No.  L Pn  D R R/d  R/d 


L 

Length 

(era.) 


(m/sec)  (era.) 

70  per  cent  TNT  30  per  cent  salt 


(av.) 


1105 

29.2 

1.2C9 

4,690 

9.1 

1.8 

1.7 

1110 

29.2 

1.207 

4,690 

8.3 

1.6 

1106 

29.4 

1.351 

5,230 

10.9 

2.1 

2.0 

1107 

29.4 

1.351 

5,230 

10.0 

1.9 

1108 

29.6 

1.493 

5,760 

13.7 

2.6 

2.9 

1109 

29.6 

1.492 

5,760 

16.3 

3.2 

40  per  oenb  TNT  60 

per  cent 

salt 

1111 

29.2 

1.361 

3,880 

4.2 

0.8 

0.8 

1035 

1114 

29.3  ' 
29.3 

1.508 

1.508 

4,760 

4,500 

6.5 

6.0 

1.3 

1.2 

1.3 

1030b 

29.4 

1.649 

5,040 

9.3 

1.8 

1.8 

1122 

29.5 

1.642 

5,110 

8.7 

1.7 
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TABLE  III:  Wave  Shape  Measurements  for  Vibrator-Packed 


TNT  and  TNT-Salt  Mixtures  in  9.94  cm.  Bi 

sac  ter  Cy. 

Lindritsal  Charges 

Film  No. 

L 

Pn 

jj 

R 

R/d  E/d 

Length 

1 

(m/sec) 

(cm, } 

(SY.  } 

(cm. ) 

100 

per  cent-  TNT 

51 6 

60.35 

.344 

4,670 

29.7 

2.5 

569 

60.3 

.898 

4.680 

21.9 

2.^  o' 

954 

59.4 

.8  59 

4,560 

19-1 

1.9 

953 

59. s 

.855 

4,540 

13.6 

1.9 

35  per 

cent 

TNT  15  per 

cent  Salt 

664 

60.9 

.959 

4,270 

19.3 

1.9 

766 

61.0 

.943 

4,220 

16.8 

1.7 

767 

61.0 

.929 

4,170 

17.9 

1.8  l„y 

959 

59-5 

.949 

4,240 

20. 5 

~.± 

960 

60 

.939 

4,210 

20.6 

2.1 

?0  per  cent  TJCr '36  per  cent  Salt 


581 

60.35 

i-.-eio 

3,950 

18.0 

1.8 

532 

6o,3 

1.006 

3,930 

16.8 

1 7 
O.  0 , 

539 

60.8 

.993 

3,330 

18.9 

1.9 

1.3 

955 

60.2 

.993 

3,880 

17.5 

1.8 

9r-6 

60.5 

.991 

3,880 

17,6 

1.8 

55 

psr  cent 

TNT  45  per 

cent  Salt 

703 

59.0 

1.06? 

3,440 

16.6 

1.7 

?05 

59o 

1.033 

3,330 

13.9 

X a ^ 

1.5 

706 

60.9 

1.089 

3,530 

13,9 

1.4 

708 

60.9 

1.115 

3,630 

13.7 

1.4 

40 

V V*  i 

TNT  60  per 

cent  Salt 

586 

60.85 

1 . 140 

3,000 

11.7 

1,2 

5S7 

60.85 

1 . 137 

OH  A 

V ‘1 
X*-*  . 

.1 ..  2 

1.3 

f*,  ^ ri 

Z<t  ^ - 
^ s' 

J ^ # ^ 

*■>  '*,/ 

J-  V , • ’ ; 

J.  4 * 0 

1.5 

Best  Availab/e  Copy 


TABLE 

IV ; Ware 

Shape  Measurement 

;.s  for  C&s* 

^ i.4  u.  cW» 

% 

Mixtures 

in 

9.94  ca. 

Diameter 

Qylindri c t 

lL  Charges 

'ilm  No. 

L 

P-, 

JD 

V, 

aV 

E/d 

* .. 

Length 

1 

(si/aec) 

(era..) 

(era. 

1 

J 

90 

per 

cent  TNT 

10  per 

cant  Salt 

(20-28) 

449 

52.5 

1.449 

6,675 

24-. 1 

2.4 

2,4 

30 

per 

cent  TNT 

20  oer 

cent  Salt 

(20-28) 

403 

56 

1.668 

6,650 

30.2 

3.0 

0 A r 

451 

54*3 

1.673 

6,650 

22.6 

2.3 

. 0 j 

70 

per 

cent  TNT 

30  per 

cent  Salt 

,20-28) 

405 

56.6 

1.672 

6,380 

15.8 

1.6 

1.6 

60 

per 

cert  TNT 

40  per 

cent  Salt 

(20-28) 

403 

56,1 

L.730 

6,173 

21.7 

2.2 

444 

5?,  2 

1.756 

6,835 

19.7 

2.0 

0 /. 

979 

62.9 

1.782 

6,530 

28.5 

2.9 

980 

62.7 

1.788 

6,550 

25.3 

2.6 

50 

per 

cent  TNT 

50  per 

cent  Salt 

(20-28) 

407 

57.3 

1.725 

5,840 

16.7 

1.7 

975 

62.9 

1.826 

6,260 

25.4 

2.6 

2.2 

976 

62.8 

1.828 

6,270 

21.8 

2.2 
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TABLE  V:  Wave  Shape  Measurements  for  Vibrator-Packed 
TNT-Glass  Bead  (20-30  mesh)  Charges  in  9.94  cm.  Diameter  Cylindrical  Charges 

Film  No.  L p.  D R R/d  R/d 

Length  (m/sec)  (cm.)  (av. ) 

(cm.) 

SO  per  cent  TNT  20  per  cent  Olass  Beads 

6S5  59.5  1.055  4300  21.6  2.2  0 9 

731  61.  S .997  4200  21.9  2.2  *** 

60  per  cent  TNT  40  per  cent  Class  Beads 

732  60.9  1.161  3800  24.0  2.4  , , 

733  60.9  1.169  3800  21.0  2.1  ° 

40  per  cent  TNT  60  per  cent  Glass  Beads 
740  61.0  1.343  3320  20.4  2.1  2.1 
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TABLE  VI:  Wave  Shape-Deneity  Measurements  for  Pressed  50-50  Pentolite- 
Salt  (20-28  mesh)  Mixtures  in  5*17  cm.  Diameter  Cylindrical  Chargee 


Film  No. 

L 

Length 

(cm. ) 

pl 

100  per 

D R 

(m/sec)  (cm.) 

cent  pentolite 

R/d 

1019 

29.5 

1.195 

6,080 

10.4 

2.0 

1020 

29.6 

1.341 

6,540 

15.7 

3.0 

1021 

29.6 

1.341 

6,540 

16.5 

3.2 

1030a 

29.7 

1.487 

6,990 

17.3 

3.3 

1022 

29.7 

1.487 

6,990 

19.3 

3.7 

70  per  cent 

Pentolite 

30  per  oent  Salt  (20* 

-28) 

1024 

29.3 

1.351 

5,600 

16.3 

3.2 

1025 

29.3 

1.356 

5,600 

14.5 

2.8 

1026 

29.4 

1.501 

6,180 

' 30.7 

5.9 

1027 

29.4 

1.503 

6,040 

21.9 

4.2 

1028 

29.6 

1.688 

6,790 

27.7 

5.4 

1112 

29.6 

1.681 

6,750 

21.8 

4.2 

40  per  cent  Pentolite 

60  per  cent 

Salt  (20- 

-28) 

1168 

29.2 

1.361 

4,380 

8.4 

1.6 

1169 

29.1 

1.361 

4,380 

11.1 

2.1 

1113 

29.2 

1.517 

4,850 

20.3 

3.9 

1167 

29.2 

1.518 

4,940 

13.2 

2.6 

1123 

29.4 

1.703 

5,800 

15.3 

3.0 
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TABLE  VII:  Wave  Shape  Measurements  for  Granular  (Vibrator-Packed) 
and  RDX-Salt  (20-28. Meah)  Mixture  a in  9.94  cm.  Diameter  Cylindrical  Chargee 

at  Various  L/d  Ratios 


Film  No. 

L 

P1 

D 

R 

L/d 

R/d 

R/d 

Length 

(cml) 

(m/sec) 

(cm.) 

(ave.) 

455 

5.1 

1.129 

6,540 

6.3 

.51 

0.6 

456 

5.0 

1.206 

6,820 

5.7 

.5 

0.6 

.0 

458 

7.7 

1.203 

6,810 

8.5 

.77 

0.9 

.9 

457 

10.1 

. 1.177 

6,720 

9.3 

1.0 

0.9 

* a 

459 

10.1 

1.253 

6,990 

9.7 

1.0 

1.0 

leU 

461 

462 

15.2 

15.2 

1.230 

1.230 

6,910 

6,910 

17.0 

16.2 

1.5 

1.5 

1.7 

1.6 

i;? 

463 

20.3 

1.195 

6,780 

20.2 

2.0 

2.0 

A i 

464 

21.4 

1.127 

6,540 

26.9 

2.1 

2.7 

2.4 

465 

466 

26 

25.5 

1.175 

1.203 

6,710 

6,810 

26.7 

24.7 

2.6 

2.6 

2.7 

2.5 

2.6 

576 

30.4 

1.215 

6,670 

25.6 

3.0 

2.6 

619 

30.2 

1.169 

6,500 

24.5 

3.0 

2.5 

620 

30.4 

1.184 

6,560 

27.9 

3.0 

2.8 

2;  7 

678 

30.5 

1.203 

6,620 

26.4 

3.1 

2.7 

679 

30.4 

1.180 

6,540 

26.5 

3.0 

2.7 

675 

42.3 

1.264 

6,840 

29.8 

4.2 

3.0 

3.0 

577' 

45.6 

1.234 

6,740 

31.5 

4.6 

3.2 

624 

45.3 

1.254 

6,810 

33.5 

4.5 

3.4 

3.5 

674 

45.2 

1.220 

6,690 

3*3 

4.5 

3.9 

475 

58.2 

1.168  . 

6,680 

34.1 

5.8 

3.4 

478 

56.0 

1.214 

6,850 

36.7 

5.6 

3.7 

479 

55.4 

1.266 

7,030 

33.5 

5.5 

3.4 

3.5 

592 

60.8 

1.230 

6,720 

34.5 

6.1 

3.5 

40 

per  cent 

RDX  60  per 

cent  Salt  (20-28) 

484 

2.6 

1.4 

4,700 

2.4 

.26 

.24 

.24 

CONFIDENTIAL 
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TABLE  VII  (cont'd) 


Film  No. 

L 

p. 

D 

R 

L/d 

R/d 

R/d 

Length 

1 

(m/eec) 

(cm. ) 

(ave. 

(om.) 

485 

5.10 

1.432 

4,700 

5.9 

.51 

0.6 

.61 

486 

5.10 

1.432 

4,700 

6.2 

.51 

0.6 

487 

7.7 

1.423 

4,600 

9.4 

.77 

0.9 

.94 

488 

10.2 

1.432 

4,700 

12.0 

1.0 

1.2 

1.2 

489 

10.2 

1.432 

4,700 

12.2 

1.0 

1.2 

490 

491 

15.2 

15.3 

1.562 

1.562 

5,280 

5,280 

20.1 

20.3 

1.5 

1.5 

2.0 

2.0 

2.0 

492 

20.3 

1.566 

5,300 

18.0 

2.0 

1.8 

493 

20.3 

1.566 

5,300 

25.4 

2.0 

2.6 

2.0 

682 

20.4 

1.489 

4,990 

16.9 

2.0 

1.7 

494 

25.6 

1.548 

5,220 

20.7 

2.6 

2.1 

2.1 

572 

25.5 

1.526 

5,120 

20.5 

2.6 

2.1 

499 

30.6 

1.516 

5,070 

33.6 

3.1 

3.4 

621 

30.4 

1.525 

5,110 

15.8 

3.0 

1.6 

2.4 

681 

30.6 

1.532 

5, HO 

20.8 

3.1 

2.1 

579 

45.5 

1.500 

5,000 

33.8 

4.6 

3.4 

3.2 

580 

45.8 

1.520 

5,090 

29.7 

4.6 

3.0 

476 

55.8 

1.539 

5,180 

26.5 

5.6 

2.7 

590 

60.8 

1.502 

5,010 

38.1 

6.1 

3.8 

593 

60.8 

1.532 

5,040 

36.6 

6.1 

3.7 

3.3 

594 

60.9 

1.502 

5,010 

41.8 

6.1 

4.2 

686 

61,2 

1.520 

5,090 

27.3 

6.1 

2.7 

687 

61.1 

1.513 

5,010 

27,6 

6.1 

2.8 

70  per  cent  RDX  30  per  cent  Salt 


473 

60.8 

1.334 

5,760 

39.7 

4.0 

480 

58.0 

1.329 

5,410 

29.4 

3.0 

481 

60.2 

1.365 

5,910 

35.8 

3.6 

626 

59.9 

1.342 

5,800 

28.4 

2.9 

627 

60.5 

1.357 

5,850 

39.2 

3.9 

628 

60.2 

1.372 

5,950 

35.9 

3.6 

688 

60.6 

1.355 

5,830 

37.1 

3.7 

689 

60.7 

1.359 

5,850 

33.3 

3.3 

CONFIDENTIAL 


CONFIDENTIAL 


TABLE  VIII:  Wave  Shape  Measurements  for 

Granular  (Vibrator-Packed)  RDX-Glass  Bead  Mixtures  in  9*94  cm. 
Diameter  Cylindrical  Charges 

Film  No.  L P,  D R R/d  R/d* 


L p,  D R R/d 

Length  (m/see)  (cm.) 

(cm.) 

80  per  oent  RDX  20  per  cent  Glass  (20-30) 

60.8  1.340  6,150  44.7  4.5 

60.9  1.334  6,150  49.0  4.9 


B/d 

(av.) 


40  per  cent  RDX  60  per  cent  Glass  (20-30) 


1.522 

1.506 


5,100 

5,100 


TABLE  IX:  Detonation  Velocity-Density  for  Explosive-Salt  Mixtures 


Explosive 

TNT 


50-50  Pentolite 


V + 3 (A: 

^ - 1.0) 

®L0 

S 

1.00 

5010 

3225 

0.90 

4710 

3265 

0.80 

4405 

3330 

0.70 

4050 

3435 

0.60 

3610 

3610 

0.50 

3070 

3840 

0.40 

2415 

4145 

1.00 

5480 

3100 

0.80 

4940 

3120 

0.70 

4600 

3190 

0.54 

3885 

3420 

0.40 

3070 

3735 

1.00 

5900 

3570 

0.70 

4935 

3095 

0.40 

3300 

3535 

0.20 

1730 

4180 

CONFIDENTIAL 


CONFIDENTIAL 


Table  Xi  Detailed  Wave  Shape  Data  (x  “distance  across  diameter* 
• y«  distance  along  time  axis) 


yvran) 

5.00 

1.27 

2.11 

2.75 

3.24 

3.58 

3.80 

3.81 

3.6^ 

3.51 

3.23 

2.80 

2.15 

1.27 

0.02 


xv  am) 
0.00 
3.58 
7.16 
10.75 
14.33 
17.91 
21.49 
25.07 
28.66 
32.24 
35.82. 
39.40 
42.98 
46.57 
49.90 


6i5  oont 


.81  30 


yvmm, 

0.05 

1.29 

2.18 

2.85 

3.38 


acvmm) 

o.oo 

3.56 

7.12 

10.68 

14.24 


y\mm) 

0.00 

1.20 

1.96 

3.14 

3.73 

4.17 

4.35 

4.37 

3.99 

3.45 

2.51 

1.90 

1.05 

0.31 


36.04 

41.18 

46.33 

48.91 

51.48 

52.18 


xvmm) 
0.00 
2.57 
5.3  5 
10.30 
15.44 
20.59 
25.74 
30.89 
36.04 
41.18 
46.33 
48.91 
51.48 
52.84 


3.71 

17.81 

3.86 

21.37 

617 

3.86 

24.93 

y(nm) 

x(nra) 

3.78 

28.49 

0.00 

0.00 

3.56 

32.05 

1.43 

2.60 

3.18 

35.61 

2.22 

5.20 

2.69. 

,39.17 

3.31 

10.40 

2.00 

42.73 

3.95 

15.59 

1.15 

46.29 

4.38 

20.79 

0.00 

49.85 

4.38 

25.99 

4.26 

31.19 

615 

3.86 

36.39 

y(nm) 

x(nm) 

3.18 

41.58 

1.36 

0.00 

2.25 

46.78 

2.49 

2.57 

1.65 

49.38 

3.10 

5.15 

0.59 

51.98 

4.21 

10.30 

0.16 

52.81 

618  cont 


0.00 

L.50  2.60 

2.11  5.20 
J.ll  10.40 
3.57  15.59 

3.98  20.79 
4.0?  25.99 

3.99  31.19 
3.70  36.39 
3.15  41.58 
1.91  46.78 
1.19  49.38 
D.00  51.80 


4.65  15.44 
4.96  20.59 
5.01  25.74 


618 

[on)  x(nm) 


yvmm) 

0.21 

1.32 

2.11 

2.62 

3.27 

3.52 

3.43. 

2.92 

1.95 

1.14 

0.00 


yvmmj 

0.48 

1.85 

2.68 

3.24 

3.69 

3.87 

4.16 

4.39 

4.53 

4.59 

4.45 

4.19 

3.74 

3.14 


xvmm) 

0.00 

3.46 

6.91 

10.37 

17.29 

24.20 

31.11 

38.03 

44.94 

48.40 

51.86 


x(mm) 

0.00 

3.46 

6.91 

10.37 

13.83 


605  oont 


2.35  4 
0.58  51.86 
0.00  52.13 


20.74 

24.20 

27.66 

31.11 

34.57 

38.03 

41.48 

44.94 


yvmm) 

0.25 

3.05 

1-.66 

2.50 

2.77 

3.01 

3.11 

3.08 

2.63 

2.38 

1.96 

1.34 

0.61 

0.00 


yvmm) 
0.00 
1.09 
3.53 
2..  76 
2.99 
3.35 
3.25 
3.25 
3.01 
2.83 
1.98 
1.28 
0.09 


xvmm) 

0.00 

3.42 

6.83 

13.66 

17.08 

20.50 

23.91 

27.33 

34.16 

37.58 

40.99 

44.41. 

47.82 

50.83 


xvmm) 

0.00 

3.42 

6.85 

13.69 

17.12 

20.54 

23.96 

27.38 

34.23 

37.65 

44.50 

47.92 

51.35 


y(mm)  xvnm) 


2.44  12.00 

2*98  18.00 


3.16  27.00 

3.12  30.00 


2.88 

2.28 

1.81 

1.21 

0.47 

0.25 


y(mm) 

0.19 

1.04 

1.68 

2.56 

3.04 
3.19 
3.12 
3.03 
2.72 
2.06 

1.56 
0.94 
0.16 
0.00 


36.00 

42.00 

45.00 

48.00 
51.00 
51.48 


xvnm) 

0.00 

3.00 

6.00 

12.00 

18.00 

24.00 

27.00 

30.00 

36.00 

42.00 

45.00 

48.00 
51.00 
51.36 


xvnm) 

0.00 

3.00 

6.00 
12.00 
18.00 
24.00 

27.00 

30.00 
36.00 
42.00 

45.00 

48.00 
51.00 
51.81 


CONFIDl'JOTAL 


CONFIDENTIAL 


0,23  0.00  2.36  14.46 

1.13  4.73  2.59  18.07 

1.77  9.45  2.84  23.68 

2.14  14.18  2.97  25.30 

2.50  18.90  3.21  28.91 

2.61  23.63  3.15  32.53 

2.54  28.36  3.07  36.14 

2.36  33.08  3.02  39.75 

2.00  37.81  2.91  43.37 

3.41  42.53  2.38  46.98 

0.53  47.26  1.63  50.60 

0,00  49.95  1.16  52.01 


0.00 

0.00 

0.28 

0.00 

0.90 

3.40 

1.05 

4.73 

1 1.46 

6.80 

1.57 

9.45 

2.14 

13.60 

2.04 

14.18 

2.54 

20.39 

2.30 

18.90 

2.57 

27.19 

2.32 

23.63 

2.38 

33.99 

2.35 

28.36 

' * 1.85 

40.79 

2.22 

33.08 

1.22 

44.19 

2.02 

37.81 

' 0.69 

47.59 

1.65 

42.53 

0.16 

50.99 

0.86 

47.26 

0.00 

53 .14 

yTnST  xtnm'y 

% 

>60 

0.21 

0.00 

y« 

x(mm) 

0.66 

.3.40 

0.00 

0.00 

1.27 

6.80 

0.58 

4.73 

2.02 

13.60 

1.20 

9.45 

2.04 

20.39 

1.69 

14.18 

2.52 

27.19 

2.00 

18.90 

2.22 

33.99 

2.09 

23.63 

1.77 

40.79 

2.15 

28.36 

0.92 

47.59 

1.99 

33.08 

0.15 

50.99 

1.84 

37.81 

0.00 

51.50 

3.42 

42.53 

0.76 

47.32 

.21 

5&.14 

y(raa) 

x(ran) 

1 0.00 

0.00 

s 

>66 

3 .08 

3.61 

y[mraj 

i x(mm) 

1.64 

7.23 

0.02 

0.00 

CONFIDENTIAL 
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966 

cent. 

_968 

oont. 

610 

cont. 

tw 

“TO 

0.70 

4.1  • 57 

577ZT 

(J , 16 

0.96 

4.89 

O.56 

44.01 

0.69 

12.25 

1.25 

7.34 

0.27 

46*46 

1.34 

16.33 

1.64 

12.24 

0.00 

48.90 

1.56 

20.  M 

3.77 

14.68 

! 

1.56 

24.49 

1.69 

19.58 

_s 

>69 

1.49 

28.57 

2.00 

22.02 

yuan; 

l x(nua) 

1.41 

32.66 

1.97 

26.92 

0.00 

0,00 

1,33 

36.74 

1.88 

29.36 

0.35 

2445 

1.01 

40.82 

1.71 

34.26 

0.68 

4.89 

0.81. 

44.90 

1.56 

36.71 

0.90 

7.34 

0.32 

48.98 

1.20 

a. 6o 

1.36 

,12.23 

0.94 

44.05 

1.60 

19.56 

9 

0.68 

46.49 

1.74 

22.01 

y(mnU 

x(mm) 

0,29  48.94  1.74  26.90  0.00  0.00 

0.00  50.87  1.69  29.34  0.41  3.18 

1.51  34.23  0.58  5.31 

967  1,40  36.68  0.99  10.61 

y(nm)  x(nnn)  1.20  39.32  1.30  15*92 

0.55  0.00  ,4.06  43.57  1.42  21.22 

0.96  2.45  0.85  44.01  3.43  26.53 

1.38  4.89  0.63  46.46  3.44  31.83 

1.56  7.34  0.13  48.90  1.24  37.14 

1.92  12.24  1.01  42.44 

2.06  19.58  609  0.58  47.75 

2.05  22.02  y(inm)  x(mm)  0.32  50.13 

1.98  26.92  0.00  0.00 

1.93  29.36  0.81  3.42  985 

1.75  34.26  1.23  6,85 


1.61 

36.71 

1.51 

10.27 

0.00 

0.60 

3.27 

41.60 

3.71 

13.69 

0.22 

2.65 

0.99 

44.05 

1.96 

17.12 

0.51 

5*31 

0.21 

48.94 

2.08 

23.54 

0.92 

10.61 

0.00 

50.34 

2.18 

23.96 

1.21 

15.92 

2.18 

27.38 

1.34 

21,22 

. \ 

>68 

2.03 

34.23 

1.39 

26.53 

y(mm; 

1 x^mn) 

3.90 

37.65 

1.29 

31.83 

0,10 

0.00 

3.71 

41.06 

1.04 

37.14 

0.50 

2.45 

3.43 

44.50 

0.63 

42.44 

0.73 

4.89 

3.06 

47.92 

0.25 

47.75 

0.93 

7.34 

0.67 

50,80 

0.00 

49.39 

1.35 

14.67 

1 

1.43 

19.56 

_i 

186 

3.48 

22.01 

63.0 

yCinJ 

1 x(nm) 

1.50 

26.90 

y(nm) 

x(mm) 

0.00 

0.00 

3.48 

29.34 

6.00 

0.00 

0.38 

2.66 

3.25 

34.23 

0.44 

4.08 

0.68 

5.31 

986  oont. 

1110 

oont. 

1107 

• 

c 

0 

a 

1111 

■P HX 

oont. 

1.05 

10.62 

2.02 

27ir 

y(mm) 

1.66 

MEM 

1,36 

15.93 

1.76 

4.03 

2.28 

40.08 

3.76 

0.00 

3.38 

8,10 

1.54 

21.24 

2.89 

8.06 

1.50 

44.09 

5.00 

2.03 

4.41 

12.15 

1.58 

26.56 

3.60 

12.09 

1.05 

46.09 

6.10 

4.06 

5.16 

16.20 

1.54 

31.87 

3.88 

16.12 

.67 

48.10 

6.93 

6.09 

5.70 

20.25 

1.39 

37.18 

4.10 

20.15 

.00 

50.10 

7.77 

8.12 

6.05 

24.30 

1.05 

42.49 

4.23 

24.18 

9.01 

12.17 

6.12 

28.35 

47.80 

51.20 


1 

K . 

t * 


y(im0  - 
0.80 
1.16 
1.34 
1.66 
1.87 
1.87 

1.73 
1.54 
1.25 
0.98  - 
0.53  ■ 
0.00 

-t-H* 

y(mn)  : 
0 00 
0.44 
0.89 
1.78 
2.59  : 
2.97  : 
3.21  : 
3.39 
3.32  : 
3.10  : 

2.74  : 
2.24  - 
1.81  * 
1.45  i 
0.94  i 
0.34  i 


x(,ran; 

0.00 

2.66 

5.31 

10.62 


24.36 

28.42 

32.48 

36.54 

40.60 

42.63 

44*66 

46.69 

48.72 


4.06 

3.79 

3.25 

2.66 

1.76 

1.18 

0,56 

0.00 


28.21 

32.24 

36.27 

40.30 

44.33 

46.35 

48.36 
50.38 


21.24 

y(mm) 

x(mm) 

26.56 

0.70 

0.00 

31.87 

1.26 

2.04 

37.18 

1.72 

4*07 

42.49 

2.46 

8.15 

47.80 

3.03 

12.22 

51.68 

3.39 

16.30 

3.54 

20.37 

x(ram) 

3.46 

3.33 

24.44 

28.52 

0.00 

3.17 

32.59 

2.03 

2.84 

36.67 

4.06 

2.31 

40.74 

8.12 

1.68 

44.81 

12.18 

1.18 

46.85 

16.24 

0.56 

48.89 

20.30 

OjOO 

50.56 

y Cum) 

x(ranj 

0.00 

0.00 

0.38 

2.02 

0.80 

4.04 

1.38 

8.08 

1.84 

12.11 

2.17 

16.15 

2.32 

20.19 

2.44 

24.23 

2.27 

28.27 

2.18 

32.30 

1.90 

36.34 

1.62 

40.38 

1.16 

44.42 

0.83 

46.44 

.44 

48.46 

0.09 

50.48 

11( 

22 

xinmj 

0.00 

2.01 

4.02 

8.04 

12,05 

16.07 

20.09 

24.11 


10.01 

10.22 

10.38 

10.47 

10.51 

10.43 

9.88 

8.84 

7.55 

6.66 

5.56 

4.48 
3.28 
1.62 
0.00 

10: 

y(mm) 

0.78 

1.68 

2.64 

4.00 

5.15 

5.38 

5.67 
5.81 
5.69 

5.68 

5.48 


16.23 

18.26 

20.29 

22.32 

24.35 

26.38 

30.44 

34.49 

38.55 

40.58 

42.61 

44.64 

46.67 

48.70 

50.40 


xlran; 

0.00 

2.48 

4.97 

9.94 

14.90 

17.39 

19.87 

22.36 

24.84 

27.32 

29.81 


5.77 

5.12 

4.37 

3.21 

2.46 

1.87 

0.99 

0.51 


32.40 

36.45 

40.50 

44*55 

46.58 

48.60 

50.63 

51.70 


1030  b 


yvnnu 

0.00 

0.79 

1.29 

2.37 

3.04 

3.i4- 

3.74 

3.59 

3.17 

2.54 

2.21 

1.71 

1.29 

0.79 

0.59 


xtmm; 

0.00 

2.42 

4.83 

9.66 

14.49 

19.32 

24.1* 

28.98 

33.81 

38.64 

41.06 

43.47 

45.89 

48.30 

49.51 


1110 

y(mm)  x(nrO 
0.33  0.00 


yCran) 

x(mm) 

2.48 

28.13 

4.97 

34.78 

0.00 

0.00 

0.60 

0.00 

2.27 

32.14 

3.92 

39.74 

0.47 

1.59 

0.97 

2.00 

2.09 

36.16 

2 .46 

44.71 

0.79 

3.18 

1.5f 

4.01 

1.61 

40.18 

1.70 

47.20 

1.80 

6.36 

2.24 

8.02 

1.16 

44.20 

0.46 

49.68 

2.16 

9.55 

2.75 

12.02 

0.86 

46.21 

0.00 

50.62 

2.79 

12.73 

3.16 

16.03 

0*47 

48.22 

3.31 

15.91 

3.33 

20.04 

0.00 

50.23 

3 114 

3.51 

19.09 

3.58 

24.05 

* 

y(mm) 

x(nm) 

3.50 

22.27 

3.48 

28.06 

0.00 

0.00 

3.42 

25.46 

3.35 

32.06 

1.00 

2.03 

3.31 

28.64 
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3.16  35.00 
2.76  38.18 
2.03  43.37 
1.71  42.96 
1.40  44.55 
0.93  46.14 
0.53  47.73 


oont. 


2.50  92.6 

0.84  101.45  1.74  94.09 


yCnm 

0.00 

1.54 

2.62 

3.62 

4,29 

4.80 

5.19 

5.44 

5.51 

5.50 

5.39 

5.18 

4.83 

4.24 

3.43 

2.23 

0.32 


0.00 

2.31 

3.52 

4.55 

5.24 

5.85 

6.28 

6.49 

6.57 

6.57 

6.26 

5.99 

5.60 

5.06 

4.44 

3.40 


>68 

i x(mm) 
0.00 
6.37 
12.34 
18.51 
24.68 
30.  b6 
37.03 
43.20 
49.37 
55.54 
61.73. 
67.88 
74.05 
80,22 
86.39 
92.56 
98.73 


x(ram; 

0.00 

6.37 

12.34 

18. 53 
24.68 
30.86 
37.03 
43.20 
49.37 

55.54 
61.71 
67.88 
74.05 
80.22 
86.39 
92.56 


y(mm; 

1.26 

2.31 

3.14 
4.45 
5.47 
6.23 
6.80 

7.15 
7.37 
7.43 
7.36 
7.09 
6.73 
6.19 
5.57 
4.65 
3.60 
2.18 

1.31 

0.00 


y(  m) 
0.00 
1.04 
2.00 
3.43 
4.60 
5.48 
6.10 
6.65 
7.03 
7.13 
7.22 
7.28 
7.23 
7.06 
6.72 
6.20 
5.51 
4.55 
3.29 


xCmm; 

0.00 

2.85 

5.69 

11.38 

17.08 

22.77 

28.46 

34.15 

39.84 

45.54 

51.23 

56.92 
62.61 
68,30 
74.00 
79.69 
85.38 
91.07 

93.92 
96.76 


xlmmj 

0.00 

2.81 

5.61 

11.23 

16.84 

22.46 

28.07 

33.68 

39.30 

42.11 

44.91 

50.53 

56.14 

63.75 

67.37 

72.98 

78.60 

84.21 

89.82 


664 

y(nm)  x(nm) 


0.00 

1.73 

2.93 

4.71 

5.77 

6.65 


0.00 

4.05 

8.10 

16.20 

24.30 

32.40 


7.67 

8.32 

8.34 

8.27 

7.97 

7.06 

6.40 

4.56 

3.43 

2.30 


27.94 

39.13. 

44.70 

50.28 

55.87 

67.04 

72.63 

83.81 

89.39 

94.98 

100.57 


7.17 

40.50 

0.00  101.85 

7.23 

48.60 

7.09 

56.70 

< 

m 

6.73 

64.80 

7 ^ 3 

y(mm, 

f x(nm) 

6,02 

72.90 

0.65 

0.00 

5.04 

81.00 

1.84 

2,88 

4.64 

89.10 

2.75 

5.77 

2.74 

93.16 

3.88 

11.54 

1.57 

97.21 

4.71 

17.30 

0.39 

99.88 

5.49 

23.07 

6.03 

28.84 

-7—? 

'66 

6.37 

34.61 

y(mm) 

x(mn) 

6,48 

40.38 

0.00 

0.00 

6.53 

46.14 

2.13 

5.59 

6.51 

51.91 

3.73 

.11.17 

6.32 

57.68 

4.95 

16.76 

5.91 

63.45 

5.82 

22.35 

5.41 

69.22 

7.11 

33.52 

4.74 

74.98 

7.44 

39.11 

3.82 

80.75 

7.74 

44.70 

3.00 

86.52 

7.80 

50.28 

2.11 

89.40 

7.74 

55.87 

1.36 

92.29 

7.51 

61.46 

0.39 

95.17 

6,50 

72.63 

0.00 

96.33 

4.62 

83.81 

3.39 

89.39 

960 

3.59 

94.98 

y(mm) 

x(mn) 

0,26 

98.11 

0.00 

0.00 

0.99 

2.75 

, 7< 

67 

1.71 

5.50 

ylnmO 

xfrnm) 

3.19 

10.99 

3.45 

0.00 

4.25 

16.49 

3.51 

5.59 

5.01 

21.98 

5.04 

11.17 

5.89 

30.23 

7.30 

22.35 

6.54 

38.47 

7.00  49.46 

6.96  54.96 
6.87  60.46 
6.56  68.70 

5.97  76,94 
5*28  82*44 
4.36  87.94 
3.73  90.68 
3.07  93.43 
2.21  96.18 
3.63  97.83 


y(nin, 

0.00 

1.87 
3.81 
4.95 
6.05 

6.87 
7.37 
7.76 
7.48 
6.53 
4.52 
2,82 
2:05 


y(mm, 

0.39 

2.07 

3.48 

5*66 

6.45 

6.84 

7.19 

7.19 

6.81 

5.22 

4.22 

2.97 

1.17 

0.00 


581 

)x(nmi) 

0.00 

6.43 

12.86 

19.30 

25.73 
32.16 
38.59 
51.46 

64.32 
77.3.8 

90.05 

96.48 

99.50 

>82 

1 x{m) 
0,00 
6.29 
32.58  s 
25.16 
31.45 

37.74 

50.32 
56.61 
62.90 

75.48 
81.77 

88.06 

94.35 

97.50 
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589 

y(mm)  x(mm) 
O.Oo  O.Oo 

1.59  6.33 

3.31  12,67 
4.07  19.00 
4.87  25.33 

5.52  31.67 

6.02  38.00 

6.25  44.33 

6.25  50.66 
6.20  57.00 
5.90  63.33 

5.38  69.66 

4.60  76.00 

3.69  82.33 

2.20  88.66 


6.01  22.54 

6.64  28.17 

7.18  33.80 

7.51  39.44 

7.72  45.07 

7.74  50.71 
7.63  56.34 

7.39  61.97 

6.95  67.61 

6.35  73.24 

5.53  78.88 

4.41  84.51 

2.95  90.14 

2.02  92.96 

1.15  95.16 


y(iran) x(tm) 

0.20  0.00 

1.71  2.84 

2.68  5.68 

4.10  11.36 

5.34  17.05 

6.28  22.73 

7.06  28.41 
7.50  34.09 
7.80  39.77 
7.97  45.46 
7.97  51.14 
7.89  56.82 
7.62  62.50 

7.07  68.18 
6.38  73.87 

5.54  79.55 

4.53  85.23 

3.15  90.91 

2.36  93.75 

1.41  96.59 
O.Oo  99.21 


yunr 

O.Or 


**r. 


Oc  0.0  j 


1.75  2.-t2 

2.73  5.63 

3.96  11.27 


y(rm5  xCmraJ 
0.84  0.00 
1.94  2.34 

3.38  6.84 

5.16  15.84 
6.48  24.84 

7.40  33.84 

7.67  38.34 

7.76  42.85 
7.82  47.35 

7.78  51.85 

7.64  56.35 
7.43  60.85 

6.76  69.85 

5.54  78.85 

4.53  83.35 

3.28  87.85 

1.69  92.35 
O.Oo  96.22 


1.78  2.70 

3.78  7.20 
6.32  16.20 
7.99  25.20 

9.04  34.20 

9.70  43.21 
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9.94  52.21 
9.81  56.71 
9.53  61.21 
8.56  70.21 
6.86  79.21 


5.57  83.71 
4.06  88.21 


2.25  92.71 
0.05  97.21 


0.00  0,00 


2.14  4.49 

3.69  8.97 

6.16  17.94 
7.62  26.91 

8.64  35.88 

8.78  40.36 

8.84  44.85 
8.75  49.33 

8.51  53.81 

7.72  62.78 

6.46  71.75 

4.68  80.72 

3.52  85.21 

2.17  89.69 
0.69  93.10 


y(mm)x(mnT 

0.00  0.00 

2.42  4.49 

4.36  8.96 

6.00  13.45 

7.19  17.94 

8.46  26.91 

9.17  35.88 

9.40  40.36 
9.49  44.85 
9.56  49.33 

9.47  53.81 

9.23  58.30 

8.8 5  62.79 

7.34  71.75 

5.45  80.72 


70 8 cont. 

4.31  85.21 
3.00  89.69 

1.24  94.18 
0.13  96.15 


0.00  0.00 


3.21  6.36 

5.64  12.72 

7.55  19.08 

9.18  25.44 


10.40  31.80 
11.34  38.16 
11.73  44.52 


11.89  50.88 


11.75  57.24 

11.53  63.60 
10.51  69.96 

9.24  76.32 

7.86  81.54 


0.00  0.00 


2.91  6.36 

5.26  12.72 

7.20  19.07 

8.79  25.43 

9.73  31.79 

10.40  38.15 
10.87  44.51 
10.95  50.86 

10.73  57.22 

10.31  63.58 

9.48  69.94 

8.29  76.30 
6.83  82.65 
4.86  89.01 
2.59  95.37 
0.09  98.99 


0.00  0.00 
2.26  2.81 
3.60  5.63 


7.06  16.88 
8.22  22.50 

8.77  28.13 

9.35  33.76 

9.60  39.38 

9.72  45.01 

9.72  50.63 

9.60  56.26 

9.31  61.89 

8.77  67.51 

8.04  73.14 

7.24  7#, 76 

6.05  84.39 
4.50  90.02 
3.34  92.83 

2.14  96.09 

y(  am  t^x(  mmT 
0.00  0.00 

1.65  6.17 

3.43  12.34 

4.40  18.51 
5.28  24.68 
5.76  30.85 

5.93  37.02 

5.93  43.19 

5.93  49.36 

5.68  55.53 
5.45  61.70 
5.10  67.87 

4.55  74.04 
3.90  80.21 

2.72  86.38 

.85  92.55 

-2.23  98.72 
-2.40  99.87 

408 

y(mra)  x(mm) 
0.00  0.00 

1.30  8.75 

2.03  17.51 

2.55  26.26 

3.14  35.01 
3.47  43.77 
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408  oont. 
5.54  52.52 

3.50  61.27 
3.02  70.03 
2.25  78.78 
1.37  87.53 
.03  96.29 
-.84  99.70 


rVim)  x(mni) 
0.00  0.00 
1.87  6.07 

3.14  12.14 
3.95  18.20 
4.60  24.27 
5.01  30.34 
5.27  36.41 
5.22  42.48 
5.05  48.54 
4.75  54.61 
4.46  60.68 

4.09  66.75 
3.69  72.82 

3.10  78.89 
2.43.  84.95 

.85  91.02 
•1.54  97.09 
-1.70  99.70 


y(iraij  x(iran) 
0.00  0.00 
2.80  7.29 

4.51  14.58 
5.36  21.86 
6.07  29.15 
6.61  36.44 
7.26  43.73 
7.09  51.02 
6.86  58.30 
6.32  65.59 
I 5.22  72.88 

0 3.53  80.17 

1.93  87.46 
.07  94.74 


403  979  cortir 


0.00, 

0,00 

5.05 

48.24 

.93 

8.05 

5.06 

55.34 

2.04 

16.11 

4.91 

62.03 

2.72 

24.16 

4.79 

63.92 

3.27 

32.21 

4.38 

75.81 

3.57 

40.27 

3.62 

82.70 

3.77 

48.32 

2,51 

89.60 

3*73 

56.37 

1.30 

96.49 

3.90 

64.43 

0.00  100.21 

3.69 

72.48 

3.17 

80.53 

_s 

'80 

2.31 

88.54 

y(ram) 

xl’iran) 

.71 

96.64 

2.43 

0.00 

< 

3.16 

3.45 

3.68 

6.89 

LLL 

4.63 

13.78 

y(mm)  x(mm) 

5.47 

20.63 

0.00 

0.00 

5.83 

27.57 

2 • /fd 

5.19 

5.97 

34.46 

3.32 

10.38 

5.97 

43.35 

4.28 

35.57 

6.02 

48.24 

4.87 

20.76 

5.85 

55.U 

5.24 

25.95 

5.54 

62.03 

5.51 

33.14 

5.01 

68.92 

5.63 

36.33 

4*46 

75.81 

5.56 

43. 

3.52 

82.70 

5.71 

46.71 

2.14 

89.60^ 

5.81 

51.90 

3.16 

93.04 

5.81 

57.09 

0.00 

96.63 

5.24 

62.28 

4.83 

67.47 

407 

4.60 

72.66 

y(njn)  x(mra) 

3.90 

77.85 

0,00 

0.00 

3.23 

83.04 

2.68 

7.27 

1.89 

88.23 

4.03 

14.54 

.29 

93.42 

5.13 

21.81 

6,00 

29.08 

. 9 

79 

6.78 

36.35 

y{rm) 

x(inm) 

7.10 

43.62 

0.00 

0.00 

7.33 

50.89 

0.92 

3.45 

7.08 

58.16 

1.79 

6.89 

6.85 

65.43 

3.0? 

33.78 

5.68 

72.70 

3.70 

20,68 

4.68 

79.97 

4 <3.6 

27.57 

3.24 

87.24 

4.55 

34.46 

1.63 

94.51 

407 

oont. 

733 

cont* 

-.30 

“79757 

2.65 

90.33" 

1.85 

93.55 

y(mm! 

x(mm) 

0.79 

0.00 

96.78 

98.65 

0.77 

0.00 

2.49 

9.0*5 

685 

3.89 

18.10 

y(mm) 

x(smO 

4.22 

27.15 

1.19 

0.00 

4.35 

36.20 

2.46 

3.02 

4.40 

45.25 

3.37 

6.03 

4.15 

54.30 

4.72 

12.06 

3.66 

63.35 

5.63 

18.09 

2.62 

72.40 

6.61 

30.16 

1.59 

81.45 

6.99 

42.22 

0.00 

86.79 

6.99 

48.25 

y(mn$ 

76 

x(mm) 

6.85 

6.17 

?4.28 

66.34 

0.03 

0,00 

4.90 

78.40 

1.80 

9.05 

3.83 

84.43 

3.39 

38.10 

2.44 

°0.47 

4.29 

27.15 

1.66 

5.11 

36.20 

0.65 

96.50 

5.01 

45.25 

0.00 

97..4P 

4.91 

54.30 

4.49 

3.65 

63.35 

72.40 

yCmnJ  xlnnnj 

2.64 

81.45 

1.62 

0.00 

0.97 

90.50 

3.7' 

6.37 

0.00 

94.84 

5.04 

12.74 

5.79 

19.11 

. 733,  _ 

6.33 

25.48 

x(mm7 

6.67 

31.85 

0.11 

0.00 

6.92 

38.21 

1.37 

3.23 

6.99 

44.58 

2.20 

6.45 

7.00 

50.95 

3.65 

32.90 

6.85 

57.32 

4.67 

19.36 

6.48 

63.69 

5.43 

25.81 

6.04 

70.06 

5.97 

32.26 

5.45 

76.43 

6.25 

38.71 

4*6l 

82.80 

6.39 

45.16 

3.49 

89.17 

6.42 

51.62 

1.81 

95.54 

6.28 

58,07 

0.00 

;'?9>;74 

6.05 

64.52 

5.56 

70.97 

l 732 

4.93 

77.42 

yCmm)  x(ira&) 

3.99 

83.88 

0.00 

0.00 
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732 

740  cont. 

1020 

oont. 

1030  t 

i.  oont. 

1024  cont. 

2.4C 

3.24 

3.02 

8.65 

2751“ 

27,78 

2.23 

~5nTo 

2. IT 

37.45 

2.21 

6.47 

3.98 

12.98 

2.58 

29.51 

2.15 

34.21 

1.92 

40.57 

3.53 

12.94 

4.84 

17.30 

2.49 

32.98 

2.08 

37.32 

1.58 

43.69 

4.40 

19.42 

5.59 

21.62 

2.41 

34.72 

2.04 

40.43 

1.20 

46.82 

5.08 

25.89 

6.09 

25.95 

2.17 

38.19 

1.86 

43.54 

0.91 

49.00 

5.52 

32.36 

7.09 

34.60 

1.98 

39.93 

1.48 

46.65 

5.79 

38.83 

7.69 

43.26 

1.55 

43.40 

1.08 

49.76 

1025 

6.02 

45.30 

7.88 

51.91 

1.35 

45.14 

1.02 

50.85 

x(nni) 

6.12 

51.78 

7.85 

60.56 

0.75 

48.61 

0.00 

0.00 

6,00 

58.25 

7.47 

69.21 

0.51 

50.34 

1022 

0.22 

3.15 

5.66 

64.72 

6.74 

77.86 

0.22 

52.08 

y(mm) 

x(jnm) 

0.69 

6.30 

5.43 

71.19 

5.62 

86.51 

0.00 

53.00 

0.04 

0.00 

1.29 

9.46 

4.95 

77.66 

4.70 

90.84 

0.00 

1.74 

1.96 

12.61 

4.36 

64.14 

3.64 

95.16 

1021 

0.26 

3.47 

2.47 

15.76 

3.85 

87.37 

1.52 

99.83 

y(mm)  x(mra) 

0.48 

5.21 

2.88 

18.91 

3.32 

90.61 

0.77 

0.00 

0.80 

8.68 

3.13 

22.06 

2.70 

93.84 

1019 

0.97 

1.74 

1.19 

12.15 

3.16 

25.22 

2.04 

97.08 

y(ram) 

x(mm) 

1.14 

3.47 

1.57 

15.62 

3.26 

28.37 

l.O: 

100.32 

0.00 

0.00 

1.42 

6.94 

1.84 

19.10 

3.23 

31.52 

0.86  100.90 

0.48 

2.66 

1.64 

10.42 

1.90 

22.57 

3.25 

34.67 

1.11 

5.32 

1.78 

13.89 

2.03 

26.04 

3.11. 

37.82 

733 

1.65 

7.97 

1.95 

17.36 

2.10 

27.78 

2.95 

40.98 

y(mm)  x(mm) 

2.65 

13.29 

2.12 

20.83 

2.10 

29.51 

2.59 

44.13 

0.11 

0.00 

3.14 

15.95 

2.19 

24.30 

2.12 

31.?5 

2.46 

47.28 

1.37 

3.23 

3.56 

21.26 

2.12 

27.78 

2.10 

32.98 

2.20 

6.45 

3.81 

23.92 

2.08 

31.25 

2.01 

36.46 

1026 

3.65 

12.90 

4.14 

29.24 

1.83 

34.72 

1.94 

39.93 

y(nim)  x(mm) 

4.67 

19.36 

4.09 

31.90 

1.55 

38.19 

1.68 

43.40 

0.00 

0.00 

5.43 

25.81 

3.84 

37.21 

1.11 

41.66 

1.44 

46.87 

0.39 

3.11 

5.97 

32.26 

3.63 

39.87 

0.87 

43.40 

1.31 

48.61 

0.68 

6.23 

6.25 

36.71 

3.36 

42.53 

0.58 

45.14 

1.11 

50.34 

0.86 

9.34 

6.39 

4.5.16 

3.05 

45.19 

0.34 

46.87 

0.93 

51.68 

0.99 

12.46 

6^42 

51.62 

2.57 

47.84 

0.09 

48.61 

1.15 

15.57 

6.28 

58.07  1 

0.00 

49.04 

1024  ' v 

1,26 

18.68 

6.05 

64.52 

1020 

ytmm)  x[m) 

1.40 

21.80 

5.56 

70.97 

y(mci) 

x(nm) 

1030  a 

0,00 

0.00 

1.42 

24.91 

4.93 

77.42 

0.82 

0.00 

y(mm)  x(mm) 

0.60 

3.12 

1.49 

28.03 

3.99 

83.88 

1.03 

1.74 

0,00 

0.00 

1.05 

6.24 

1.53 

31.14 

2,65 

90.33 

1.26 

3.47 

0.51 

3.11 

1.48 

9.36 

1.49 

34.25 

1.85 

93.55 

1.69 

6.94 

0.80 

6.22 

1.81 

12.48 

1.44 

37.37 

0.79 

96.78 

1.79 

8.68 

1.10 

9.33 

2.02 

15.61 

1.44 

40.48 

0.00 

98.65 

2.12 

12.15 

1.48 

12.44 

2.27 

18.73 

1.37 

43.60 

2.20 

13.89 

1.72 

15.55 

2.33 

21.85 

1.15 

46.71 

740 

2. a 

17.36 

1.97 

18.66 

2.37 

24.97 

0.94 

49.82 

y(mm)  x(mm) 

2.48 

19.10 

2.19 

21.77 

2.33 

28.09 

0.76 

50.57 

0.00 

0.00 

2.63 

22.57 

2.30 

24.88 

2.28 

31.21 

1.77 

4.33 

2.61 

24.30 

2.28 

27.99 

2.21 

34,33 
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1112 

cont. 

y(mm)  x(nany 

rar 

15717 

0.00 

0.00 

1.37 

32.19 

0.27 

3.12 

1.32 

36.22 

0.54 

6.23 

0.99 

40.24 

0.85 

9.35 

0.81 

44.26 

1,01 

12.46 

0,34 

48.29 

1.25 

15.58 

1.45 

18.70 

1168 

1.59 

21.81 

y(mm) 

x(mm) 

1.55 

24.93 

0.30 

0.00 

1.47 

28.04 

0.91 

1.99 

1.45 

31.16 

1.53 

3.97 

1.53 

34.28 

2.32 

7.94 

1.25 

37.39 

3.11 

11.92 

0.80 

40.51 

3.56. 

15.89 

0,66 

43.62 

3.62 

19.86 

0.54 

46.74 

3.37 

23.83 

0.38 

49.86 

3.31 

27.80 

2.86 

31.78 

• 1028 

2.42 

35.75' 

y(mm) 

x(mm) 

1.73 

39.72 

0.00 

0.00 

1.18 

41.71 

0.21 

3.09 

0.73 

43.69 

0.44 

6.17 

0.00 

45.68 

0*66 

9.26 

0.85 

12.34 

11.69 

0.94 

15.43 

y(mn) 

x(mm) 

0.98 

18.51 

0.00 

0.00 

1.01 

21.60 

0.46 

2.13 

1.01 

24.68 

0.70 

4.25 

1.01 

27.77 

1.15 

6.38 

0.98 

30.85 

1.78 

10.64 

0.98 

33.94 

2.19 

14.89 

0.85 

37.02 

2.37 

19.14 

0,66 

40.11 

2.49 

23.40 

0.39 

43.19 

2,41 

27.65 

0.34 

46.28 

2.09 

31.91 

1.71 

36.16 

1112 

1.05 

40.41 

y(mn) 

x(nnn) 

0.54 

42.54 

0.00 

0,00 

0.53 

4.02 

1113 

0.99 

8.05 

y{m)  x\m) 

1.30 

12.07 

0.00 

0,00 

1.48 

16.10 

0.22 

2.01 

1.62 

20.12 

0.49 

4.03 

1.64 

24.14 

1.00 

8.05 

-29- 


1113  cont. 

1.49  12.08 

1.75  16.10 
1.96  20.13 
2.14  24.16 

2.27  2d. Id 
2. Id  32.21 
1.95  36.23 
1.84  40,26 
1.73  44.29 
1.70  46.30 
1.66  48.31 
1.38  50.33 
0.94  51.82 


1167 

y(mnO  x(mm) 


0^00  0.00 
Oli39  2.36 
0.98  4.71 

2.16  9*42 


2.63  14.14 
2.83  18.85 


2.92  23.56 
2.85  28.27 

2.64  32.98 
2.49  37.70 

2.24  42.41 
2.07  44.76 

1.75  47.12 

1.41  49.48 
1.15  50.80 


y(mm)  x(mm) 
0.00  0.00 
0.30  1.57 

0.71  3.15 

1.51  6.30 

1.98  9.44 

2.43  12.59 
2.72  15.74 

3.06  18.89 
3.34  22.04 

3.52  25.18 

3.56  28.33 

3.57  31.48 
3.56  34.63 


3.51  40.92 

3.24  44.07 
3.21.  45.65 
3.13  47.22 


yUmftk 


1.55  0.00 
7.50  7.80 


13.58  17.80 
18,50  27.81 
20.56  34.47 
21.01  41.14 
21.20  47.81 
20.82  54.48 
20.19  61.15 
18,63  67.81 
14.72  77.82 
8.66  87.82 


1.23  97.82 
0.00  99.39 


456 

y(mm)  x(mm) 


2.67  0.00 
4.29  3.36 

6.64  6.71 

11.45  13.42 
15.32  20.13 
18.86  26.84 


21.41  33.55 

23.06  40.26 
23.88  46.97 
23.47  53.68 
22.33  60.39 

20.64  67.10 
17.83  73.81 

14.27  80.52 

9.90  87.23 

5.06  93.94 
3.40  95.79 
0.00  99.41 


0.00  0,00 


4.94  6.86 

6.90  10.28 
8.93  13.71 

10.65  20.57 
13.60  27.42 
15.97  34.28 
16.77  W. 14 
17.46  47.99 

17.28  54.85 

17.02  61.70 

16.29  68.56 
15.58  75.42 
14.40  82.27 
12.23  89.13 

8.18  9c.98 
6.3.2  99.41 


457 

y(mm)  xlmm) 
0.39  0.00 


1.44  3.32 

3.41  6.64 

5.58  13.28 

8.76  19.91 

11.06  26.55 
11.95  33.19 
12.67  39.83 

13.29  46.47 
13.18  53.10 

12.90  59.74 
11.86  66.38 
10.36  73.02 
8.09  79.66 
6.02  86.29 

2.25  92.93 
0.00  99.40 


2.99  0,00 

4.62  3.35 

5.55  6.71 

8.45  13.42 
10.42  20.1 2 
12.26  26.83 
13.03  33.54 
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cont. 

" 40.25 

46.96 
53.66 

60.37 
67.06 
73.79 
80.50 
67.20 

93.91 
99.41 

0.00 

5.50 

10.99 

23.96 

32.97 
43.96 
49.46 
54.95 
65.94 
76.93 

87.92 

99.41 

0.00 

5.34 

10.68 

21.35 

32.03 
42.70 

48.04 

53.38 

58.72 
64.O6 

74.73 

65.41 
90.75 
96.08 

99.39 


463  cont. 

1.15  55.33 
3.51  15.99 
4.90  26.65 
5.89  37.31 

6.32  47.97 

6.35  53.30 
6.44  56.63 

5.33  69.29 
3.97  79.95 
2.30  90.61 
0.04  99.41 


466  oont. 

16.74 
4.07  21.48 
5.21  32.22 
5.85  42.96 
6.13  48.33 
6,01  53.70 
5.85  64.44 
4.98  75.18 
3.70  85.92 
2.36  96.66 

1.97  99.40 


y(mm) 

xCmn) 

yftmj 

x(nm) 

0.00 

0.00 

2.63 

0.00 

0.70 

5.49 

3.26 

3.91 

2.51 

16.47 

4.01 

10.54 

3.74 

27.45 

5.35 

23.79 

4.51 

36.42 

5.73 

30.42 

4.60 

49.40 

5.91 

37.04 

4.77 

54.89 

5.91 

50.30 

4.68 

60.38 

5.49 

56.92 

4.13 

71.36 

4.84 

63.55 

3.31 

82.34 

3.75 

76.80 

1.26 

93.31 

2.79 

83.43 

0.29 

99.41 

1.71 

90.06 

A 

,4  c 

0,00 

96.66 

H 

yCmml 

ixW 

619 

0.60 

0.00 

y(n®0 

x(mm) 

1.66 

5.40 

0.27 

0.00 

2.72 

10.79 

1.38 

3.82 

3.87 

21.58 

2.17 

7.97 

4.68 

32.37 

3.41 

16.27 

4.85 

43.17 

4.34 

24.57 

4.99 

48.56 

5.09 

32.87 

4.68 

53.96 

5.55 

41.17 

4.35 

64.75 

5.72 

49.47 

3.56 

75.54 

5.48 

57.77 

2.73 

86.34 

5.04 

66.07 

1.38 

91.73 

4.40 

74.37 

0.00 

99.39 

3.43 

82.67 

2.22 

90.97 

l 

*66 

1.53 

95.12 

y(mm! 

1 x(mm) 

0.71 

99.27 

0.00 

0.00 

0.00  102.01 

1.32 

5.37 

620 

y(mm ) x(nsn) 
0.00  0.00 
1.23  4.15 

1 .97  6.30 
3.02  16.60 
3.82  24.90 
4.47  33.20 
4.88  41.50 

4.97  49.80 
4.93  58.10 

4.59  66.40 

4.06  74.70 
3.26  63.00 
2.21  91.30 
1.53  95.45 
0.75  99.60 
0.29  101.76 


1.52  92.95 
0.43  98.02 


ykian; 

0.54 

1.97 
2.90 
4.27 
5.06 
5.18 
5.12 

4.98 
4.68 
3.70 
2.30 
1.35 
0.00 


y(mnw 

0.00 

1.64 

2.60 

4.03 

4.99 

5.16 

5.11 

5.11 

4.85 

3.93 

2.41 


x(mm; 

0,00 

6.20 

12.39 

24.78 

37.18 

43.37 

49.57 

55.77 

61.96 

74.35 

86.74 

92.94 

99.14 


xlmm/ 

0.00 

6.20 

12.39 

24.76 
37.16 
43.37 
49.57 

55.76 

61.96 

74.35 

86.74 


jr(nnT 

x(mm) 

0.57 

0.00 

1.45 

4.16 

2.02 

8.32 

3.00 

16.63 

3.68 

24.95 

4.18 

33.26 

>,.48 

41.58 

4.48 

49.90 

4.30 

58.21 

3.89 

66.53 

3.32 

2.52 

m 

2.05 

87.32 

1.45 

91.48 

0.77 

95.63 

0.00 
. 5 

96.88 
77.  . 

y(mm) 

xlmm) 

1.29 

0.00 

1.97 

6.37 

3.17 

19.11 

3.40 

25.48 

3.57 

31.85 

3.52 

44.59 

3.29 

50.96 

2.99 

57.33 

2.25 

70.06 

1.78 

76.43 

1.04 

82.80 

0.00 

89.17 

624 

y(tnm) 

x(mm) 

0.89 

0.00 

1.76 

6.38 

2.67 

12.76 

3.45 

25.53 

3.84 

38.29 

3.91 

51.06 

3.52 

63.82 

2.85 

76.58 
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624,  cont. 
1742  %35 
0.53  95.73 
0.00  99.62 


y(mm) 

x(mm) 

0.00 

0.00 

0.77 

4.16 

1.22 

8.32 

2.03 

16.63 

2.62 

24.95 

3.02 

33.26 

3.28 

41.58 

3.46 

49.90 

3.37 

58.21 

3.11 

66.53 

2.81 

74.84 

2.39 

83.16 

1.68 

91.48 

1.17 

95.63 

0,63 
, 4 

97.55 
75  . 

y(mm) 

x(ram) 

0.00 

0.00 

0.82 

4.85 

1.66 

9.70 

2.90 

19.42 

3.70 

29.12 

4.03 

38,83 

4.13 

48.54 

4.10 

58.25 

3.96 

67.96 

2.51 

77.66 

2.74 

87.37 

1.81 

97.08 

1.15 

99.41 

_4 

?Bt  . 

y(mm) 

x(im) 

0.14 

0.00 

0.86 

4.92 

1.43 

9.83 

2.34 

19.66 

2.64 

29.50 

2.85 

39.33 

3.04 

49.16 

478  cont. 
3.22  58.99 
2.92  68.82 
2.40  78.66 
.1.38  88.49 
0.79  93.40 
0.00  99.40 


yCmm) 

2.94 

3.62 

4.08 

4.50 

4.46 

4.00 

3.36 

2.41. 

1.05 

0.44 

0.00 


y(m) 

0.00 

0.61 

1.77 

2.19 
2.46 

2.77 
3.02 

3.19 
3.26 
3.19 
2.97 
2.49 
1.90 
1.25 
0.58 


x(onO 

10.15 

20.30 

30.44 

40.59 

50.74 
60,89 

71.04 
81.18 
91.33 
96,41 

99.40 

92 

x(mm) 

0.00 

6.43 

19.29 

25.73 

32.16 

38.59 

45.02 

51.45 
57.88 

64.31 

70.74 
77.17 

83.60 

90.03 
93.44 


y(mm;  x(mj 
0.00  0.00 
7.01  7.57 

13.26  15.14 
24.72  30.28 
30.81  41.64 
32.43  49.21, 


_484 

327Z6 

32.18 

31.17 

29.84 

28.06 

20.71 

11.62 


cont. 

49.47 

52.99 

56.78 

60.56 

64.35 

75.70 

87.06 

94.63 


y{nm) 

.04 

1.70 

3.36 

6.23 

8.35 

10.54 

12.21 


xv  not; 
0.00 
3.64 

7.27 
14.55 
21.82 
29.10 

36.37 


y(nmj 

0.00 

2.79 

5.33 

9.73 

13.95 

17.47 

19.38 

20.74 

21.24 

20.53 

1.8,46 

15.06 

12.19 

8.59 

1.24 


91.60 

95.26 

98.02 
100.31 

1*86 

; x(ran7 
0.00 
3.65 
7.30 
14.61 
21.91 
29.21 
36.52 
43.82 
51.12 
58.43 
65.73 

73.03 
80,33 
87.64 
99,40 


10.45 

10.99 

11.31 

11.39 

10.92 

10.04 

8.54 

6.70 

4.45 

1.82 

<46 

0.00 


yimmj 

2.07 

6.21 

9.15 

9.95 

10.67 

10.97 

10.90 


29.12 

36.40 

43.68 
50.96 
58.24 
65.51 
72.79 
80.07 

87.35 

94.63 

98.27 

99.40 


xVnnO 

6.18 

18.54 

30.91 

37.09 

43.27 

49.45 

55.63 


7.42  80.36 
4.91  89.63 


13.10 

50.92 

0.00 

0.00 

- 4 

8J 

12.64 

58.19 

1.05 

3.43 

y(mm) 

x(mm') 

11.61 

65.47 

1.82 

6.85 

0.00 

0.00 

10.04 

72.74 

2.21 

10.28 

2.10 

3.66 

7.84 

80.01 

3.82 

20.56 

4.42 

7.33 

5.23 

87.29 

5.21 

30.85 

8.34 

14.66 

2.14 

94.56 

6.04 

41.13 

12.44 

21.98 

.33 

98.20 

6.09 

44.56 

15.77 

29.31 

6.12 

47.99 

18.90 

36.64 

l 

i.38 

6.05 

51.41 

20.79 

43.97 

y(jm) 

1 x(mm) 

5.43 

61.74 

21.47 

51.29 

1.78 

0.00 

4.25 

71.96 

21.12 

58.62 

4.04 

3.64 

3.41 

62.26 

16.93 

73.28 

4.87 

7.28 

2.12 

92.50 

13.29 

80.60 

6.81 

14.56 

1.35 

95.97 

9.84 

87.93 

8.76 

21.84 

.14 

99.40 

y(rnm, 

1.39 

2.58 

4.71 

5.68 

6.45 

6.81 

6.85 

6.63 
5.50 
4.02 
2.67 

1.63 
1.05 


^x(mm) 

4.66 

9.32 

18.67 

28.01 

37.35 

46.69 

56.03 

65.36 

74.70 

84.04 
93.38 

98.04 
99.94 

x(nsn; 

0.00 

4.66 

9.32 
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7.65 

8.53 
9.09 
9.49 

9.54 
8.84 
7.06 
6.17 
5.81 


cont. 

27.96 

37.28 

46.60 

55.92 

79.22 

83.88 

93.20 

97.86 

99.40 


494  oont. 

or  r.97 


x(mn) 

2.77 

0,00 

3.49 

4.61 

4.35 

9.22 

5.1! 

18.43 

5.63 

27.65 

6.10 

36.86 

6.56 

46.^8 

6.64 

55.30 

5.92 

64.51 

5.05 

73.73 

3.50 

82.94 

2.08 

92.16 

0.00 

99.40 

682 

y(nmj 

x(irP) 

0.00 

0.00 

2.20 

6.31 

4.03 

12.62 

6.96 

25*24 

8.56 

37.85 

8.98 

44.16 

9.06 

50.47 

9.00 

56.78 

8.85 

63.09 

7.70 

75.71. 

5.59 

88.33 

4.31 

94.64 

3.32 

99.18 

_ 494 

y(mm) 

x(nm) 

4.50 

0.00 

5.74 

2.99 

6.68 

7.92 

8.82 

9.17 
9.27 
9.09 
8.31 

7.17 
5.63 
3.37 
2.51 
1.65 
0.34 
0.00 


8.96 

17.91 

26,87 

35.82 

44.78 

53.73 

62.69 

71.64 

80.60 

89.55 

92.54 

95.52 

98.51 

99.40 


621 
y(mm)  x{m) 


y(nm^x(mm)' 
0.00 
1.23 
2.45 
4.55 
5.15 
5.60 
6.04 
5.95 
5.82 
4.97 
4.31 
3.21 
1.93 
1.42 


0.00 

4.88 

11.13 

23.63 

29.88 

36.13 

48.63 

54.88 

61.13 

73.63 

79.88 

86.13 
92.38 
95.00 


0.00. 

1.92 

3.44 

6.02 

7.18 

7.95 

8.14 

8.62 

8.54 

8.12 

7.18 

5.76 

4.04 

2.92 

1.39 


0.00 

4.13 

8.26 

16.52 

24.79 

33.05 

41.31 

49.57 

57.83 

66.10 

74.36 

82.62 

90.88 

95.01 

99.76 


681 
y(mnO  x(fflm) 


0.34 

2.17 

3.30 

4.15 
5.11 
5.80 
6.42 
6.72 
6.90 
6.71 
6.32 
5.64 
4.87 

4.16 


0.00 

6.25 

12.49 

18.74 

24.98 

31.23 

37.48 

43.72 

49.97 

56.21 

62.46 

68.71 

74.95 

81.20 


579  cont. 

1.07  82,95 
0.31  87.83 

580 

y(ran)  x(mn7 


0.00 

0.88 

2.07 

3.24 

3.80 

3.87 

3.76 

3.30 

2.72 

1.94 

1.26 


0,00 

4.85 

14.56 

24.27 

33.97 

43.68 

53.39 

63.09 

72.80 

82,50 

87.36 


0.77 

2.11 

2.84 

4.45 

5.60 

6.45 
6.59 
6.58 
6.57 
6.47 
5.70 
4.78 
4.12 


0.00 

4.97 

9.93 

19.86 

27.79 

39.72 

44.69 

49.65 

54.62 

59.58 

69.51 

79.44 

84.41 


476  cont. 

3.37  80.85 
1.45  90.95 
0.00  99.39 


y(  mb) 
0.00 
0.89 


2.04 
2.39 
2.58 
3.02 

3.04 
2.97 
2.73 
2.60 
2.22 
1.65 
1.18 


0,00 

6.33 

19.00 

25.33 

31.67 

44.33 

50.67 

57.00 

63.33 
69.66 

76.00 

82.33 
86.57 


0.42 

1.17 

2.28 

2.75 

3.01 

3.14 

3.10 

2.87 

2.21 

1.70 


593 


x( 
0,00 
6.60 
19.80 

26.40 
33.00 
46.21 
52.81 

59.41 
72.61 
79.21 


499 

2.95 

87.44 

3.54 

89.37 

0.97 

85.81 

y(mm)  x(mmT 

1.60 

93.69 

2.59 

94.34 

0.00 

92.41 

0.00 

0.00 

0.00 

98.81 

0.00 

99.55 

0.37 

4.50 

i?4  , 

1.30 

13.50 

c 

>7? . . 

476  r 

y(ma) 

x(mm) 

2.03 

22.50 

y(mmj 

' x(nsn) 

y(om)  x(nnn) 

3.02 

0.00 

2.77 

31.50 

0.00 

0.00 

1.56 

0.00 

3.58 

6.60 

3.42 

40.50 

0.84 

4.88 

2.29 

5.05 

4.04 

19.80 

3.13 

49.50 

1.62 

14.64 

3.50 

10.11 

4.08 

26.40 

2.69 

*8.51 

2.28 

24.40 

5.12 

20.21 

4.08 

33.00 

2.04 

67.51 

2.74 

34.15 

5.92 

30.32 

3.94 

39.60 

1.52 

76.51 

3.05 

43.91 

6.13 

40.42 

3,78 

52.81 

0.69 

85.51 

3.00 

53.67 

5.98 

50.53 

3.47 

59.41 

0.09 

90.01 

2.71 

63.43 

5.54 

60.64 

2.75 

72.61 
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oont. 

-473  oont. 

627 

.....  689-, — 

T5T 

1.73  86.54 

y{rm) 

x(mm) 

y(nam)  x(znn) 

1.10 

85.81 

.98 

92.30 

1.24 

0.00 

0.00 

0,00 

0.63 

95.90 

0.00 

92.41 

0.00 

99.40 

2.14 

6.44 

0.76 

3.87 

0.00 

99.82 

2.66 

12.88 

1.41 

7.74 

686 

480 

3.48 

25.76 

2.43 

15.47 

— 9!7  — 

y(mm) 

x(vm) 

x^ian) 

3.88 

38.63 

3.21 

23.21 

y(ua)  x(nmO 

0.00 

0.00 

0.00. 

0.00 

3.88 

51.51 

3.79 

30.95 

2.90 

0.00 

1.77 

7.75  : 

•86 

5.00 

3.45 

64.39 

4.20 

38.69 

3.54 

4.04 

2.82 

15.49 

1.77 

10.01 

2.75 

77.26 

4.41 

46.12 

4.05 

8.08 

3.64 

23.24 

2.84 

20.01 

1.48 

90.15 

4.37 

54.16 

4.81 

16.16 

4.28 

30.98 

3.76 

30.02 

0.64 

96.59 

4.26 

61.90 

5.24 

24.24 

4.80 

38.73 

4.18 

40.02 

0.00  100.06 

3.85 

69.63 

5.58 

32.32 

5.08 

46.48 

4.60 

50.03 

3.39 

77.37 

5.69 

40.40 

5.14 

54.22 

4.41 

60.03 

628 

2.81 

85.11 

5.45 

48.48 

5.24 

61.97 

4.00 

70.04 

y(mm) 

x(ran) 

1.92 

92.84 

5.14 

56.56 

5.21 

69.71 

3.15 

80.04 

0.51 

0.00 

1.21 

96.71 

4.49 

64.64 

4.89 

77.46 

1.99 

90.05 

1.59 

6.40 

0.41  100.35 

3.82 

72.72 

4.24 

85.21 

.71 

99.40 

2.28 

12.80 

3.02 

80.80 

2.96 

92.95 

3.11 

25.59 

T 739  

2.13 

88.88 

1.97 

96.83 

481 

3.59 

38.39 

y(fiBn)  x(mm) 

1.56 

92.92 

0.61  100.23 

y(nmT 

x(m) 

3.61 

51.18 

0.00 

0.00 

0.80 

96.96 

1.31 

0.00 

3.16 

63.98 

1.22 

8.67 

0.00 

99.91 

687 

1.82 

10.04 

2.47 

76.78 

1.86 

17.35 

y(n»a)  xtznm) 

2.50 

20.07 

1.88 

83.17 

2.35 

26.02 

, 9: 

L8 

1.94 

0.00 

3.30 

30.11 

1.27 

89.57 

2.59 

34.69 

y(mn] 

x(mm) 

4.43 

7.75 

3.73 

40.14 

0.37 

95.97 

2.91 

43.37 

0.00 

0.00 

5.46 

15.49 

3.92 

50.18 

0.00 

99.04 

2.94 

52.04 

0.80 

4.04 

6.57 

30.98 

3.53 

60.21 

2.91 

60,71 

1.20 

8.08 

6.86 

46.48 

3.04 

70.25 

688 

2.71 

69.38 

1.99 

16.16 

6.66 

54.22 

2.30 

80.28 

y(mm) 

x(mnj 

2.51 

78.06 

2.53 

24.24 

6.22 

61.97 

1.14 

90.32 

0.56 

0.00 

1.82 

86.73 

2.92 

32.32 

4.79 

J7.46 

.46 

95.34 

1.34 

3.87 

0.45 

95.40 

3.22 

40.40 

3.70 

85.21' 

0.00 

99.40 

1.89 

7.74 

3.45 

48.48 

2*46 

92.95 

2.63 

15.47 

'l 

3.55 

52.52 

0.00  100.16 

624 

3.20 

23.21 

yfanj 

x(nm) 

3.49 

56.56 

y(iaa)  x(nna) 

3.65 

30.95 

0.39 

0.00 

3.40 

64.64 

473  ■ 

2.91 

0.00 

•3-90 

38.69 

1.06 

4.36 

3.22 

72.72 

y(nni)  x(nm) 

3.97 

6.44 

02 

46.42 

1.73 

8.72 

2.92 

80.80 

•18 

0.00 

4.62 

12.88 

3.94 

54.16 

2.36 

17.44 

2.10 

88.88 

.73 

5.77 

5.54 

25.76 

3.78. 

61.90 

2.75 

26.15 

2.01 

92.92 

1.33 

11.54 

5.91 

38.63 

3.41 

69.63 

2.99 

34.87 

1.45 

96.96 

2.16 

23.08 

5.74 

51.51 

2.88 

77.37 

3.08 

43.59 

0.87 

99.95 

2.64 

34.61 

4.88 

64.39 

2.21 

85.31 

3.05 

52.31 

2.92 

46.15 

3.76 

77.27 

1.23 

92.84 

2.84 

61.03 

2.94 

57.69 

2.03 

90.15 

0.00 

99.27 

2.54 

69.74 

2.83 

69.23 

0/71 

96.59 

2.15 

78,46 

2.31 

80,77 

0.00 

99.55 

1.59 

87.18 
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APPENDIX  I 


Beet  Fit  to  a Circular  Arc 

In  the  following  paragraphs  is  given  a method  of  obtaining  a best 
fit  to  a circular  aro  of  a set  of  points  given  in  a cartesian  coordinate 
system.  The  scheme  is  best  adapted  to  the  use  of  IBM  or  desk  calculators. 
Suggestions  are  given  to  simplify  calculations  of  a particular  problem, 
and  an  illustration  is  included  to  Indicate  the  procedure  of  application. 

Consider  an  arbitrary  plane  cartesian  coordinate  system,  with  n 
points  denoted  by  (x^,  y^).  Let 

(x  - h)2  + (y  - k)2  - R2  (1) 

be  the  equation  of  a circle  of  radius  R and  center  (h,  k).  Consider 
also  y I 


Oj  X 

the  sum  of  the  squared  differences  of  the  squared  radius  of  the  cirole 
and  each  distance  squared  from  each  point  to  the  center  of  the  circle. 

That  is 

6 " I ^*1  " + (yi  " k^2  “ r2)2  (2) 

Differences  of  squared  distances  are  considered  to  simplify  the  normal 
equations  obtained  by  minimizing  expression  (2). 

Differentiating  6 partially  with  respect  to  h,  k,  and  R,  respectively, 
and  simplifying  the  equations  obtained  by  equating  each  expression  to  zero. 
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l ((\  ~ h)2  ♦ (7l  ~ k)2  - R2)  \ - 0 

E ((xi  - h)2  ♦ (yt  - k)2  - R2)  - 0 (3) 

E ((a^  - h)2  + (7l  - k)2  - R2)  - 0 

where  it  is  assumed  that  R / 0.  Or, 

Fl"al  + *lh  + alh2  + alk  + ftlk2  + 4R2 

' F2  " a2  + a2  b + a2  h2  * a2  k + 4 fc2  + 4 R2  ty) 

F3  " a3  + a3  h + a3  h2  + a3  k + ft3  r2  + a3  r2 

where  F^,  F^,  and  F^  are  respectively  the  three  expressions  of  (3),  find 

•i  ■ i <-4  * xi  4 )/f  xi  4 • t »i  ♦ 4 • i <4  ♦ 


a2  ■ - 2J  ^ 


4 ■ i ft  a2  - - 2C 


» laO 


4 " i*° 


a|  - 1.0  (5) 


4mm2ixi  Vf  X1  *2  ■ - 2C  y2/f  *i  *3  - - « Xi/n 


aj  -l.O 
a*  - - 1.0 


aj  - 1.0 

4 - - i-° 


a£  - - 1.0 


The  ooeffioients  of  eaoh  equation  are  divided  respectively  by  E x^, 

E y^>  and  n to  ainplify  the  solution  of  these  equations. 

These  equations  of  (4)  are  non-linear  in  the  unknowns  h,  k,  and  B. 

A method  of  solution  by  successive  solution  of  a system  of  linear  equa- 
tions is  easily  given  by  the  use  of  Taylor's  expansion  of  Fp  Fg,  and 
fy  around  an  assumed  set  of  values  for  the  unknowns.  Let  h,  k,  and  R be 
the  values  satisfying  the  equations,  and  °h,  °k,  and  °R  a set  of  assumed 
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values.  Then  if 


h * h + h1 


k + k» 


and 


°F*  - aj  ♦ 2a^  °h 


o-2 

*1 


<* 


2a£ 


? °K 


neglecting  second  order  terns  and  higher, 

°fJ  k«  + °F^  R'  « -WF, 


°^h' . 


R - °R  + R' 


°fJ  - 2a1 


6 o, 


R 


JF^h 


• + °?\  k»  + °Fg 


t»  - -°F, 


°Fih'  + °F?  k* .+  °F?  R' 


-°F„ 


(6) 


(7) 


Solving  the  system  (7)  for  h* , k',  and  R',  these  oorreotions  can  be  applied 

* 

to  the  assumed  values  by  use  of  (6)  to  give  another  set  of  approximations. 
The  scheme  is  repeated  until  a satisfactory  set  of  parameters  is  obtained* 
Simple  geometric  considerations  give  the  following  first  approximations 
to  the  desired  parameters,  providing  that  the  set  of  points  reasonably  lie 
on  a olrcular  arc,  and  that  the  coordinate  system  is  such,  that  the  ehord 
connecting  the  two  end  points  is  approximately  parallel  to,  say,  the  x- 
axis.  1 


♦ x_ 


r2  +r2 


°k  - y_-°R 


(*> 


where  ym  is  the  maximum  ordinate,  and 


he5Ci 


k - y, 


.2l 


+ T, 


A 


m 


The  data  for  the  following  illustration  were  taken  from  film  no.  420. 
Computation  was  done  on  a desk  calculator.  A value  of  27.182  cm.  was  ob- 
tained as  the  value  of  the  radius  of  curvature.  A previous  graphical 
solution  gave  a value  of  24.57  cm.,  which  indicates  an  error  of  nearly 
10  per  cent. 
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Using  the  above  suggestion  to  obtain  a first  approximation  to  the 
parameters , a second  guess  was  made  after  substituting  theme  values  in  the 
equations.  The  first  iteration  then  gave  the  correct  parameter  values  to 
four  significant  figures.  A standard  deviation  computed  from  the  value 
of  the  radius  was  found  to  be  0.0173  cm. 


Illustration  No.  420 


- 

x (cm.) 

7 (cm. ) 

0.000 

0.0066 

0.630 

0.2148 

1.260 

0.3238 

1.890 

0.4229 

2.520 

0.5303 

3.150 

0.6046 

3.780 

0.6905 

4.410 

0.7219 

5.040 

0.7517 

5.670 

0,7814 

6.300 

0.7814 

6.930 

0.7764 

7.560 

0.7566 

8.190 

0.7302 

8.820 

0.6938 

9.450 

0.6377 

10.080 

0.5369 

10.710 

0.4246 

11.340 

0.2974 

11.979 

0.1635 

/ 

12.600 

0.0000 

n ■ 21 

• 132.3 

Zx*  - 11,39.1 

Zsc^  - 10,961.98 

- 10.847 

- 6.94097 

QrJ  - 4.71976 

Zxi7i  - 68.2863  Sa^7i  - 0.515965 

- 43.7363 

11005.716 

-2278.2  132.3 

-136.573 

132.3  -132.3 

520.685 

-136.573  10.847 

-13.8819 

10.847  -10.847 

1146.04 

-264.6  21.0 

-21.694 

21.0  -21.0 
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; 

63.168 

-17.219 

1.0 

-1.0323 

1.0  -1.0 

46.003 

-12.591 

1.0 

-1.2798 

1.0  -1.0 

54.573 

-12.600 

1.0 

-I.O330 

1.0  -1.0 

6.3 

39.69 

-21.06 

443.52  447.42 

(21.85) 

' 

2.74 

2.25 

1.42 

6.3 

39.69 

-23.8 

566.44  605.16 

(24.6) 

1 ■_ 

-4.619 

-48.6323 

-49.2 

-0.247 

0.009 

-48.8798 

-49.2 

-0.109 

i • 1 

0.000 

-48.6330 

-49.2 

-0.748 

• 

-4.619 

10. 528751 

10.651656  0.053474 

;J 

0.009 

-48.974559 

1.006560  0.002235 

ii  , 

• 

0.000 

-48.633000 

-0.247968  2.598175 

1 

■7 

.? 

-0.108856 

-2.592853 

2.578175 

j ’ i 

6.191  38.328  -26.393  696.590  738.644  (27.178)  1 

-4.8370 

-53.8183 

•54.3560 

-0.1047 

I 

* 

-0.2090 

-54.0658 

•54.3560 

-0.1039 

I 

-0.2180 

-53.8190 

■54.3560 

-0.1044 

I 

-4.8370 

11.126380 

11.237543 

0.021645 

1 

-0.2090 

-51.740387 

1.005159 

0.001920 

-0.2180 

-51.393449 

-0.247629 

0.004062 

I 

0.000065 

-0.0 02163 

0.004062 

I 
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6.191065  3ft. 329  -26.39516  696.704  738.864  (27.18206) 

- 0.00077 
-0.00083 
- 0.00078 

h - 6.191  k - -26.395  R " 27.182 

R2  - 738.864 


[*±  - h)2+ 

((*!  ” h)2+ 

(xA  - h)2+ 

((xi  - h)2+ 

(7^  “ k)2 

(7,  “ k)  V/2 

(7l  - k)2-R2 

(yi  - k)2)-*- 
&1 

\ 

738.513 

27.176 

-0.351 

—0. 006 

739.006 

27.185 

0.142 

0.003 

738.209 

27.170 

-0.655 

-0.012 

737.698 

27.161 

-1.166 

-0.021 

738.448 

27.174 

-0.416 

—0.006 

738.226 

27.171 

-0.638 

-0.011 

739.432 

27.192 

0.568 

0.010 

738.498 

27.175 

-0.366 

-0.007 

738.268 

27.172 

-0.596 

-0.010 

738.828 

27.181 

-0.036 

-0.001 

738.568 

27.177 

- 0.296 

-0.005 

738.831 

27.182 

-0.033 

0.000 

739.083 

27.186 

0.219 

0.004 

739.772 

27.199 

0.908 

0.017 

740.715 

27.216 

1.851 

0.034 

741.388 

27.229 

4.524 

0.047 

740.451 

27.211 

3-587 

0.029 

739.712 

27.198 

0.848 

0.016 

738.996 

27.185 

0.132 

0.003 

738.750 

27.180 

-0.114 

-0.002 

737.771 

27.162 

-1.093 

-0.020 

s.d;  - (2.  &2/2l)1//2  - 0.0173 
ffl.d.  is  fche  standard  deviation  taken  from  R * 27.182. 
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Pilm  No.  420,  for  the  above  illustration,  shows  the  wave  shape  of 
an  amatol  charge.  This  film  is  not  included  in  any  of  the  studies  of  the 
body  of  this  report.  Even  though  the  graphical  and  the  analytical  methods 
give  radii  of  ourvature  which  differ  by  ten  per  cent,  the  valuable  conclu- 
sion can  be  drawn  that  standard  deviation  of  only  0.0173  era.  for  an  R ■ 
27*182  cm.  indicates  that  an  arc  of  a circle  oan  reasonably  be  used  to  fit 
the  wave  shape. 

Two  curves  from  this  report  were  also  checked  by  the  above  method. 

They  were  No.  984  and  No.  987  found  in  Table  I.  By  the  graphical  method, 
R's  of  23.1  cm.  and  24.8  cm.  were  respectively  obtained.  By  the  analytical 
method,  corresponding  R's  of  24.3  cm.  and  24.8  were  obtained.  The  differ- 
ence is  five  per  eent  for  No.  984  and  less  than  one  per  cent  for  No.  987. 
These  results  indicate  that  the  graphical  method  yield  values  that  are 
satisfactory  for  wave  shape. 
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